CD 

o 

j *o«s*jb»«5 

OO 
CD  <t‘ 


SYNTHETIC  LUBRICANTS 


Aj  1 > / ■'  ■■*' 

,o 


DO  mi  y-i 

REaiRH  U) 
TFCHNICAI  DOCU 
' cOiiiROL  sEiraoH 
■ l^COSl-3 


W.  E.  McTURK 

STANDARD  OIL  DEVELOPMENT  COMPANY 


OCTOBER  1953 

9-  oo  3o^d(o 

Statement  A 

Approved  for  Public  Release 


WIUGHT  AIR  DEVELOPMENT  CENTER 


t 


f 


NOTICES 
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for  any  purpose  other  than  in  connection  with  a definitely  related  Govern- 
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curs no  responsibility  nor  any  obligation  whatsoever;  and  the  fact  that 
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ABSTRACT 


This  rsport  is  a compilation  of  all  the  information  obtained 
tinder  Contract  No.  AF  33(038)— 14593,  concerned  with  means  of  increasing 
the  availabilit7  of  synthetic  lubricants  for  use  at  low  and  high 
temperatures. 

The  diesters  of  straight-chain  dibasic  acids  lead  the  field  of 
esters  suitable  as  lubricants  for  use  at  both  low  emd  high  temperatures, 
because  of  their  desirable  combinations  of  properties  and  potentially 
good  aYallablllty.  Adipic,  azelalc,  and  sebacic  acids  are  the  most 
readily  available  dibasic  acids  suitable  for  ester  lubricant  production, 
\dille  the  petroleum  derived  Cbco  alcohols  appear  to  be  the  most  available 
alcohols  for  this  application.  In  addition,  hoiiever,  certain  dlesters  of 
polypropylene  glycols  appear  equivalent  to  dibasic  acid  esters  in  all  the 
ehairacterlstics  studied  so  far,  and  this  type  of  ester  therefore  represents 
a promising  source  of  synthetic  oil.  Mono-esters  may  be  satisfactory 
lubricants  vdiere  high  temperatures  are  not  encountered.  The  presence 
of  small  quantities  of  impurities  are  believed  to  cause  variations 
in  the  oxidation  and  thermal  stability  of  esters.  The  Sffi  E.P.  Lubricants 
Tester  is  capable  of  measuring  the  load-carrying  ability  of  synthetic 
lubricants,  but  further  work  is  required  to  develop  a completely  reliable 
test  for  predicting  full-scale  gear  performance. 
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I - INTRODUCTION 


The  vfork  done  under  this  contract  has  been  defined  In  a general 
wa7  as  a study  of  means  for  Increasing  the  availability  of  ester-type 
synthetic  lubricants  suitable  for  aircraft  application.  This  study  has 
been  approached  In  tvro  ways:  (1)  A survey  of  the  potential  availability 

of  raw  materials;  and  (2)  evaluation  of  many  types  of  esters  in  an  effort 
to  find  a wider  selection  of  suitable  products  from  \ddLch  finished  oils 
could  be  developed.  It  is  believed  that  the  most  worthwhile  contribution 
of  this  work  has  been  obtained  from  the  second  approach,  tdilch  has  re- 
sulted In  the  cataloguing  of  some  critical  properties  of  a wide  variety 
of  esters.  This  project  involved,  first,  an  extensive  survey  of  data 
already  available  In  the  literature  and  some  \mpubllshed  reports,  and, 
second,  expansion  of  these  data  evaluation  of  more  critical  properties 
for  kix)wn  types  of  esters.  All  of  the  information  obtadned  during  the 
two  years ' work  Is  compiled  in  the  Appendix  to  this  report.  Appendix  I 
covering  the  literature  survey.  Appendix  II,  the  results  of  the  additional 
work,  and  Appezdlx  III,  IV,  A V giving  the  more  important  conclusions 
reached  during  these  studies. 

In  this  report  the  salient  points  and  important  conclusions  re- 
vealed ly  each  phase  of  the  work  carried  out  will  be  mentioned  and 
referred  to  In  the  appropriate  appendix.  For  a detailed  discussion 
of  the  data  the  reader  will  be  referred  to  the  proper  appendix.  The 
reader  will  atlso  be  referred  to  the  Appendix  tables  of  this  report  for 
the  complete  data  on  a given  phase  of  work  or  type  of  ester. 
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II  - RAW  MATERIALS  AVAIUBILITI 

An  attnnpt  van  aade  to  estlnato  th«  potential  availabilities 
of  seas  of  the  marm  piroodnent  ester  raw  materials.  However,  it  was 
quleUj  apparent  that  it  was  Inqpossible  in  certain  cases  for  a private 
coapany  to  make  reliable  estimates,  since  proprietary  information  was 
involved.  The  best  availability  figures  possible,  without  access  to  the 
actual  production  capacities,  were  presented  in  the  AF  Technical  Repwrt 
Bo.  6663.  It  %fas  understood  that  the  Aircraft  R^oductlon  Resources 
Division  was  making  a more  complete  and  reliable  survey. 

Some  generalisations  on  availability  are  possible  without  actual 
production  statistics.  Of  the  chainH;ype  dibasic  acids  sxiltable  for  ester 
lubricant  manufacture , sebaclc,  azelalc,  and  adipic  acids  lead  the  field 
from  the  standpoint  of  availability.  Potentially  the  most  available  of 
these  is  adipic  acid  because  it  can  be  derived  from  petroleum.  For  the 
Same  reason  the  Qoco  alcohols  have  the  best  potential  availability  among 
the  alcohols  suitable  for  ester  lubricants.  Alcohols  such  as  2-ethyl— 
hexanol  are  also  usually  regaurded  as  suitable  for  this  application.  How- 
ever, it  is  possible  that  the  starting  raw  materials  for  producing  this 
alcohol  (ethanol  or  acetylene)  may  have  other  strategic  uses  in  time  of 
emergeney,  auod  it  is  not  oert^n  that  2-ethylhexanol  can  be  coimted  on 
for  ester  production.  Glyools  produced  from  ethylene  oxide  or  propylene 
oxide  will  probably  be  availaUe  in  reasonable  quantities,  aJ.though  once 
again,  ethylene  and  propylene  may  be  reqvilred  in  other  critical 
applications. 
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IIX  - LITERATURE  SURW 


In  Appendix  I to  this  report,  data  have  been  compiled  fran  various 
literature  sources  for  over  800  compounds  (mostly  esters)  of  possible 
interest  as  synthetic  lubricants.  Appendix  I Table  1 presents  the 
bibliography  for  this  report,  and  a number  is  assigned  to  each  literature 
data  source.  The  appropriate  reference  nmbers  are  then  found  in  the 
first  column  of  the  succeeding  tables  of  data  in  Appendix  I.  Following 
is  a list  of  the  types  of  compounds  for  which  the  literature  data 
may  be  found  in  the  designated  tables: 


Appendix  Table  Number 


Adipates 

2,  3,  4 

Substituted  Adipates 

5 

Sebacates 

6,  7 

Azelates  and  Plmelates 

8,  9 

Esters  of  Other  Dibasic  Acids 

10,  11 

Mono-esters 

12,  13 

Dlesters  from  Glycols 

U,  15,  16 

Esters  from  Polyhydrlc  Alcohols 

17,  18,  19 

Esters  from  Dibasic  Acids  Containing 

Ether-Oxygen  Atoms 

20 

Esters  Containing  Ring  Structures 

21,  22 

Esters  from  Hydroxy-Acids 

23 

Esters  from  Alkenylsucclnlc  Acids 

24 

Compounds  Containing  Sulfur 

25 

Compounds  Containing  Phosphorous 

26,  27 

Carbonates  and  Nitrogen  Compounds 

28,  29 

Cemnlex  Esters 

Acid  Center 

30 

Glycol  Center  (without  ether  oxygens) 

31 

Glycol  Center  (with  ether  oxygens) 

32 

From  Hydroxy-Acids 

33,  34 

Three  Ester  Groups  Per  Molecule 

35 

Along  with  providing  a useful  compendium  of  available  information 
on  estei>-type  lubricamts,  the  literature  sxirvey  f\u*xilshed  the  necessary 
background  for  the  further  studies  required.  It  was  concluded  from 
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thia  aiirvoj  that  aaters,  in  generad,  had  very  desirable  combinations  of 
properties  and  warranted  the  serious  consideration  they  ha^e  received  as 
synthetic  lubricants.  It  was  also  apparent  that  ester  lubricants  of 
nearly  any  desired  viscosity  could  be  made  from  widely  available  or 
potentially  available  raw  materials.  However,  a considerable  amount  of 
further  work  appear^  necessary  to  determine  if  esters  were  satisfactory 
as  lubricants  from  critlced.  standpoints  and  if  there  were  preferred 
types  of  esters  among  those  of  wide  availability.  To  answer  these  and 
related  questions,  it  was  evident  that  the  data  available  in  the  literature 
required  expansion  to  include  volatility,  low  temperature,  stability,  and 
lubrication  properties  of  promising  materials.  Efforts  were  therefore 
turned  toward  the  ester  evaluation  |^se  of  the  project. 
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I?  - ESTER  EVALUATION 


All  of  the  evalxiatlon  resiilts  obtained  during  the  tvo  years 
xmder  the  contract  are  presented  in  detail  in  Appendix  II.  For  this 
work  it  was  necessary  to  synthstize  so&e  esters  in  the  laboratory 
to  supplement  those  procured  from  ooniDercial  suppliers.  13iese  mater isds, 
designated  in  the  tables  as  "laboratory  preparations"  were  for  the 
most  part  specific  members  of  homologous  series  already  known  in 
the  art.  A se8u*ch  for  new  types  of  esters  was  not  an  object  of  this 
project. 

A.  Synthesis 

The  techniques  used  in  preparing  esters  in  the  laboratory  were 
thoroughly  discussed  in  the  AF  Technical  Report  No.  6663.  In  general, 
the  products  were  synthesized  in  the  conventional  manner  employing 
commercial  grade  reactants.  Either  p-toluene  sulfonic  acid  monohydrate 
or  sodium  hydrogen  sulfate  (usually  0.3  to  0.5^  based  on  the  ester)  was 
used  as  catalyst.  The  effect  of  the  catau^st  on  esterification  rate  is 
depicted  in  Figures  1 & 2 of  Appendix  II.  The  esters  prepared  in  the 
laboratory  were  generally  refined  by  vacumn  distillation  to  produce  a 
wide  heart-cut  for  evaluation.  The  most  effective  acidity  reduction  method, 
employed  after  distillation,  was  adsorption  on  animal  charcoad.  High 
quadlty  esters  were  prepared  in  this  fashion. 

Rropertles  Desired  in  Synthetic  Lubricants 

The  ever  widening  ten5)eratxire  range  over  which  a lubricant  must 
perform  all  of  its  functions  has  led  to  a steady  incresise  in  the  use  of 
synthetic  oils.  In  many  kinds  of  aviation  equipment,  and  particularly  in 
hi ^1— power  gas  turbine  aircraft  engines,  synthetic  lubricants  are  replacing 
Inadequate  mineral  oils.  Each  piece  of  equipment  may  require  some  specific 
properties  in  the  lubricamt,  tut  nearly  all  applications  there  are  some 
ftmdamental  lubricant  properties  \diich  are  important.  In  general,  it  is 
these  fundamental  properties  idiich  have  been  evaluated  for  the  variety  of 
esters  st^ldled  in  this  project.  These  desired  characteristics  include: 

1.  Good  viscosity-temperature  relationship 

2.  Good  viscosity-volatility  relationship 

3.  Low  melting  and  pour  points 

4*  Stability  toward  oxidation,  hydrolysis,  and  heat 

5.  Good  lubrication  characteristics 

The  following  sections  of  the  report  designate  in  what  Appendix 
tables  and  figures  the  data  relating  to  these  properties  may  be  found. 
Pertinent  concloisions  arising  from  this  work  are  discussed  in  Section  V. 
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ind  frffpflrtlw 

Tht  klnenatle  -visoaBltleB  fKM  210®  to  -65®F  of  all  lubricant 
naterialB  either  procured  from  oonmerclttL  suppliers  or  synthesized  in  the 
laboratory  are  presented  in  Appendix  II  Tables  36  through  60.  Vlscoslty- 
tenqperature  relationships  are  expressed  l::y  three  systems:  iSTM  Slope, 

T.I.,  and  Hardlmann  and  Nessen  V.I.*  Other  general  properties,  Incliiding 
neutralisation  numbers,  flash,  fire,  pour,  and  melting  points,  are  also 
sboun  in  these  tables.  Although  flash  points,  and  in  some  cases,  vapor 
pressto'es,  are  presented,  the  subject  of  volatility  is  more  adequately 
covered  in  succeeding  tables.  The  effects  of  ester  structure  on  viscoslty- 
tei^peratinre  characteristics  are  discussed  thoroughly  in  the  AF  Technical 
Report  No.  6663  and  in  Appendix  IV. 

The  properties  obtained  for  esters  of  mono—,  dl— , and  tri-baslc 
acids  are  given  in  Tables  36,  37,  and  3B,  Polyhydrlo  alcohol  esters 
are  covered  in  Tables  39  and  40,  and  some  mlscellauieous  synthetic 
lubricant  materials  are  given  in  Table  41*  The  low  temperature  viscosities 
for  a series  of  adipates,  azelates,  and  sebaoates  are  depicted 
graphically  in  Appendix  II  Figure  3,  and  some  other  important  low 
temperature  properties  for  a variety  of  esters  are  shown  in  Table  42. 

D«  VisoQBltiMrolatilitv  Characteristics 

There  are  three  common  ways  of  measuring  volatility:  by  determining 
vapor  pressure,  flash  point,  or  evaporation  rate.  All  three  have  been 
studied  and  employed  to  some  extent  in  this  program.  The  vapor  pressure 
apparatus  and  procedure  used  are  described  in  detail  in  Appendix  III. 

It  is  a boiling  point  method  idileh  included  distilling  off  an  initial 
portion  of  the  sample  tp  avoid  errors  due  to  volatile  contaminants. 

The  evaporation  apparatus  and  technique  are  described  in  Appendix  IV. 

The  vapor  pressure~temperature  relationships  for  the  esters  on 
:dileh  vapor  pressures  were  obtained  are  shown  graphically  in  Appendix  II 
Figures  4 through  12.  The  experimental  points  are  plotted  as  log  vp 
vs,  l/(t+230),  with  t being  ®C.  In  most  cases  the  experimental  data 
would  conform  just  as  well  to  lines  representing  log  vp  vs.  l/(t+273). 
However,  the  constant  230,  as  proposed  by  Cox,**  should  provide  a better 
fit  for  the  data  over  a larger  portion  of  the  liquid  range  and  allow  more 
accurate  extrapolation.  Vapor  pressure-temperature  data,  tedcen  from  these 
figures,  are  also  presented  in  Tables  43  and  44»  along  with  viscosity 


* Described  in  AT  Technical  Report  No.  6663 
**  Cox,  Ind.  Eng.  Chem.,  28,  613  (1936) 
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data  for  the  same  materials.  The  boiling  point  of  each  compound  at 
2 mm.  pressure  is  one  measure  of  its  Tolatility.  The  ten^rature  at 
which  each  compotind  has  thickened  to  10,000  os.  (obtained  from  ASTM  vis- 
cos  it^M^emperature  plots)  is  presented  in  Tables  43  and  44  as  one 
measure  of  that  compound's  low  temperature  viscosity.  The  difference 
between  these  two  temperatures  is  then  an  indication  of  the  viscositjr- 
volatility  properties  of  the  material,  and  may  have  some  practical  signifi— 
caince  as  an  indication  of  the  acceptable  operating  temperature  range  po^ 
sible  with  the  lubricant.  This  temperatuz*e  difference,  or  Viscosity- 
Volatility  Index  as  it  might  be  termed,  depends  considerably  on  viscosity 
level,  as  would  be  expected.  Therefore,  compeurisons  of  various  compoxuid 
types  should  be  made  at  common  levels  of  viscosity.  The  Viscosity-Volar- 
tlllty  Indices  are  also  tabulated  in  Tables  43  and  44*  The  significance 
and  shortcomings  of  the  Viscosity-Volatility  Index  are  described  in 
detail  in  Appendix  III. 

Flash  point  is  a much  sister  detez*minatlon  than  vapor  pressure. 
However,  flash  point  is  likely  to  reflect  the  presence  of  a small  quantity 
of  volatile  contaminant  rather  than  the  volatility  of  the  synthetic  lubri- 
cant Itself.  Therefore,  the  correlation  of  flash  point  with  vapor  pressure 
gives  some  badly  scattered  points,  as  shown  in  Appendix  II  Figure  13  • 

This  correlation  is  improved,  as  shown,  if  two  lines  aure  drawn  — one  for 
caurefully  distilled  esters  (volatile  contaminants  removed),  and  one  for 
esters  which  do  not  get  this  careful  refinement. 

Evaporation  rate  is  probably  a more  realistic  measure  of  lubricant 
volatility  than  either  vapor  pressure  or  flash  point.  The  evaporation 
data  obtained  for  a number  of  lubrlcamts  are  presented  in  Flginre  14.  The 
amoxint  of  material  evaporated  (wt.  % after  1 hr.  at  392**F. ) was  foiind  to 
correlate  rather  well  with  the  vapor  pressure  of  the  lubricant  (mn.  at 
400®F. ),  as  shown  in  Figure  15. 

E.  St*MHt.v 

1.  Oxidation  Stability 

In  order  to  stiady  the  oxidation  stability  of  a variety  of  esters, 
it  was  necessary  first  to  select  an  effective  inhibitor  tdiioh  could  be 
used  in  these  esters,  in  common,  and  thus  allow  direct  comparisons. 
Consideration  was  devoted  toward  screening  a number  of  inhibitors  for  this 
purpose.  These  inhibitors,  in  dl— 2-ethylhexyl  sebacate,  were  first  evaluated 
in  the  Qxidation/Corrosion  Stability  Test  at  250®F.  (MIL-O-6081)  and  in 
an  oxygen  absorption  rate  test  at  392®F.  Results  are  presented  in  Appendix  II 
Tables  45>  46,  suid  47.  I^omlslng  inhibitors  were  next  examined  in  a 
modification  of  the  MIIr-Ii-6387  Qxidation/Corrosion  Stability  Test  at  347®F. 
The  results,  shown  in  Table  43,  indicated  phenothlasine  to  be  superior 
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to  the  othor  inhibitors  •Yaluatodo  Booause  of  this  porfonance,  and  tha 
fact  that  phenothiazine  was  finding  expanding  application  in  the  synthetic 
lubricant  field,  it  was  selected  as  the  inhibitor  for  the  ester  eYaltiatlon 
work. 


The  oxidation  stability  of  esters  (inhibited  with  phenothlasine } 
was  found  to  be  affected  to  a large  extent  by  apparently  small  quantities 
of  impurities  in  the  esters.  This  fact  ooiiq)3J.oated  the  stability  work  and 
made  reliable  coiq>ar Isons  difficult.  The  data  obtained  on  the  stabili'ty  of 
esters  to  oxidation  are  shown  in  Table  49*  These  data  are  discussed  in 
Appendix  IV. 

2.  Bydrqtotic  siaWIilg 

A limited  number  of  esters  were  examined  in  the  MIIr^j-6387 
Hydrolytic  Stability  Test.  Results  are  presented  in  Table  50,  and  are 
disciussed  in  AF  Technical. Report  6663. 

3.  Th«T»nui1 

A simple  test  was  used  to  study  thermal  stability.  The  ester  was 
maintained  at  392**F  for  48  hours  under  nitrogen,  and  decomposition  was 
calculated  from  the  change  in  acidity.  A large  number  of  esters  were 
Investigated  in  this  test  and  the  data  are  tabulated  in  Tables  51  and  52. 
When  it  became  known  that  temperatures  above  392^F  were  belt^g  attained  in 
some  aircraft  eqtLipment,  some  similar  thermal  stability  tests  were  run  at 
455**F.  The  results  are  presented  in  Table  53.  Thermal  stability  is  dl»<> 
cussed  thoroughly  in  Appendix  IV. 

F.  Mr3-oa.ti9R 

Nearly  all  simple,  uncompounded  esters  are  similar  in  lubrication 
characteristics.  Good  load-carrying  and  anti— wear  properties  therefore 
require  proper  C(xnpounding.  However,  development  of  finished  lubricants 
with  good  load-carrying  ability  is  hampered  by  the  lack  of  reliable 
laboratory  test  methods,  idilch  co\ild  be  used  for  initial  exploratory  work. 
The  last  few  months  of  this  project  were  devoted  to  a study  of  laboratory 
test  machines,  primarily  the  SAE  E.P.  Lubricants  Tester.  It  was  desired  to 
learn  more  about  tdiat  lubrication  qualities  these  machines  would  measure, 
and  this  perhaps  led  the  way  toward  development  of  a test  for  predicting 
lubricant  performance  in  high-speed,  highly  loaded  gears,  — the  crltlceLI 
area  of  new  design  aircraft  engines.  The  results  of  these  lubrication 
studies  are  described  in  detail  in  Appendix  V. 

In  the  SAE  machine  the  effects  of  varying  opeiratlxig  conditiona 
such  as  speed,  shaft  speed  ratio,  leading  rate,  and  zoua-in  sohediile  wore 
first  investigated.  Based  on  this  work,  a test  technique  (designated 
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th«  SAB-600  Tkst)  ws  ehosen  for  additional  study.  The  operating  con- 
ditions of  this  test  are  summarised  in  the  following  taU.e: 


SAB-SOD  Test  in  SAK  E. 

Main  Sliaft  Speed 
Shaft  %)sed  Ratio 
Test  Caps 

Biaorin  Schedule  (several  were  used) 
Loading  After  Run-in 

Failure  Load 


. latricants  Tester 
1000  RIM 

3.4A 

Timken  T-^8651 
50  to  200  lbs.  for  2 minutes 
Manual,  stepwise,  50  lbs.  at  10 
second  Intervals. 

Minimum  load  at  \diich  scuffing 
of  test  cups  occurs. 


This  test  %ias  found  to  be  sensitive  to  the  viscosity  and  chemical 
structure  of  the  lubricant,  as  shown  in  Appendix  II  Figure  16.  Suriace- 
active  ingredients  in  the  lubricant  could  also  be  detected,  as  shown 
in  Figure  17.  As  depleted  in  Figure  18,  the  SAB-60D  appeared  to 
correlate  rather  well  with  the  lAE  Gear  Machine  test.  However,  after 
Figure  18  urns  drum,  some  contradictory  results  were  obtained  on  two 
lubricants  from  the  Petroleum  Refining  laboratory  at  the  Pennsylvania 
State  College.  In  the  SAE  machine  FRL  3313  gave  1300  lbs.  failure  load, 
%ddle  FRL3312  ( similar  composition  of  lower  viscosity)  did  not  fall  up 
tc  2000  lbs.  load.  It  is  difficult  to  explain  these  results  idien  viscosity 
level  is  considered. 


All  of  the  data  obtained  in  the  work  with  the  SAE  machine  are 
presented  in  ^pendix  I Tables  55  *^^d  56. The  effects  of  differences 
in  test  cups  (batch  to  batch shaft  speed,  loading  rate,  and  mn-in 
s^tedale  are  shown  graphically  in  Appendix  II  Figures  19  thrxjugh  25. 

This  Information  is  presented  since  it  may  be  of  value  to  other  workers 
idio  wish  to  continue  the  development  of  this  type  of  test. 

Tables  57  and  58  show  the  limited  aisount  of  data  obtained  in  the 
Shell  4~Ball  E.P.  Tester.  There  does  not  appear  to  be  a viscosity 
function  in  this  machine,  but  surfaoe-eustive  agents  are  readily  detected. 
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V ~ COKCLDSTtyS 


The  more  Important  conclusions  reached  during  these  studies 
have  been  stated  In  previous  reports  and  eure  reiterated  belov: 

(1)  Esters,  In  general,  conform  to  some  conmon  zniles  concern- 
ing structure.  Side-chain  branching  gives  low  pour  points,  but  Is  detri- 
mental to  viscosity-temperature  and  viscosity -volatility  characteristics. 
iMbranched  esters  have  high  pour  points  but  good  vlscoslty-teisperature 
and  viscosity -volatility  propearbles.  Optimum  branching  therefore  gives 
the  best  combination  of  piopertles. 

(2)  Esters,  In  general,  have  veiy  desirable  cootblnatlons  of 
properties,  and  It  Is  apparent  that  ester-type  synthetic  lubricants  of 
nearly  any  desired  vlscoslly  could  be  made  from  raw  materials  of  potential- 
ly wide  avallablll-ty. 

(3)  Adipic,  azelalc,  and  sebaclc  ewlds  are  the  most  readily 
available  dibasic  acids  suitable  for  synthetic  ester  manuf8u:ture,  while 
the  petroleum  derived  Oxo  alcohols  appear  to  be  the  most  available  alco- 
hols for  ester  production.  The  ddesters  of  these  stral^t-chaln  dibasic 
acids  lead  the  field  of  esters  suitable  as  lubricants  for  use  at  both  low 
and  hl^  tenqperatxires,  from  the  standpoint  of  outstanding  properties  as 
well  as  potentially  high  availability.  However,  dlesters  of  certain  poly- 
proiylene  glycols.  In  ^Ich  the  terminal  groups  are  coiq^sed  of  stral^t- 
chaln  monobasic  acids,  are  equivalent  to  dibasic  acid  esters  In  all  the 
characteristics  studied  under  this  project.  If  this  type  of  glycol  ester 
Is  not  deficient  from  some  other  performance  standpoint.  It  represents  a 
promising  alternate  source  of  synthetic  oil  base  stock. 

(k)  Mono-esters  with  the  optimum  degree  of  branching  should  be 
useful  lubricants  when  flash  points  of  300-325®F.  are  adequate  but  ex- 
cellent low  temperature  properties  are  essential.  Optimum  branching  can 
be  obtained  throu^  the  esterification  of  a straight-chain  acid  with  a 
branched  alcohol. 

(5)  Unlike  other  adcohols  produced  by  the  Oxo  process,  Oxo 
alcohol  produced  from  dllsobutylene  Is  not  suitable  as  a raw  material  for 
synthetic  oils.  The  esters  prepared  from  this  alcohol  Invariably  have 
unexplalnably  poor  low  temperature  properties. 

(6)  A large  nximber  of  esters  do  not  have  linear  viscosity- 
temperature  lines  on  an  ASTM  chart.  Most  deviations  from  Uneeurlty  are 
upward  at  low  temperatures;  a few  are  downward.  The  only  generalization 
which  can  be  stated  at  present  Is  that  molecules  of  the  "dense  center" 
configuration  give  the  downward  durvature. 
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(7)  The  persistence  of  the  liquid  state  at  low  tenperatxires 
is  not  accurately  described  by  pour  point  for  most  esters.  These  ma- 
terials supercool  considerably  below  their  actual  melting  point.  Service 
experience  with  ester-type  oils  will  disclose  whether  this  supercooling 
can  always  be  expected  and  relied  on. 

(8)  Flash  point  is  the  slu^lest  measure  of  ester  volatility, 
but  it  is  markedly  influenced  by  relatively  imiii5>ortant  quantities  of 
volatile  contaminants.  Vapor  pressure  is  the  most  fundamental  measure  of 
volatility,  but  complex  apparatvis  is  required  for  this  determination. 
Evaporation  rate  is  probably  the  most  realistic  volatility  measurement, 
and  the  results  correlate  with  the  fundamental  property  of  vapor  pressure. 

(9)  Significant  valuations  in  oxidation  stability  are  obtained 
among  different  batches  of  the  same  ester  (inhibited).  The  seime  is  true, 
to  a lesser  degree,  of  thermal  stability.  In^Torities  are  believed  to  be 
the  major  cause  of  these  differences. 

(10)  The  esters  of  carboxylic  acids  are  stable  to  hydrolysis 
under  the  conditions  of  the  MIL-L-6387  Hydrolytic  Stability  Test. 

(11)  Most  esters  show  very  little  thermal  decomposition  up  to 
at  least  392°F.  Significant  exceptions  are  the  dibasic  acid  esters  of 
secondary  alcohols,  which  have  relatively  poor  thermal  stability.  How- 
ever, diesters  of  certain  polypropylene  glycols,  despite  their  secondary 
hydroxyl  linkages,  are  thermally  stable  at  least  up  to  455“F. 

(12)  The  SAE  E.P.  Lubricants  Tester  is  capable  of  measuring  the 
load-carrying  ability  of  sjmthetic  lubricants.  A promising  test,  which  is 
sensitive  to  viscosity,  chemical  structure,  and  surface-active  ingredients 
has  been  developed  in  the  SAE  machine.  However,  further  work  is  required 
before  this  test  can  be  relied  on  to  predict  full-scale  gear  performaace. 

(13)  The  4-Ball  E.P.  Test  is  sensitive  to  surface -active  ingredi 
ents  but  not  to  the  viscosity  of  the  lubricant. 
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APPENDIX  I TABLES 

COMPILATION  OF  PHYSICAL  PROPERTIES 
FOUND  IN  LITERATURE  FOR  ESTERS 
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WADC  TR  $3-68 


TiBU.2. 


ADIBOB 


Vlacoelty  /*T 

.,  Cs 

ASTM 

Freezing 

Pour 

Flufa 

Almen 

Ref. 

Alcohol 

210 

100 

0 

-40 

V.I. 

Slope 

210-100*F. 

Point 

•f. 

Point 

*F. 

8p.  Gr. 
20*C. 

Point 

*F, 

vts,  carried 
Grad.  Loading 

(1) 

Isoprop&Dol 

1.16 

2.92 

Froze 

- 

- 

0.86 

+30 

0.955 

(1) 

Pentanol-3 

1.53 

4,54 

41.6 

- 

- 

0.85 

+1 

0.928 

(1) 

Pentanol  {SharplcB) 

1.56 

4.58 

40.3 

255 

- 

0.84 

<-108 

- 

(1) 

3 -Me t hylb utanol - 1 

1.73 

4.94 

36.8 

- 

125 

0.78 

-44 

0.938 

325 

(1) 

1 , 3-Diioethylhutanol-l 

1.79 

5.64 

67.9 

623 

96 

0.82 

+36 

0.919 

320 

(1) 

2-Sthylbutanol 

1,89 

5.68 

51 

297 

123 

0.77 

-15 

0.934 

- 

(**) 

" 

1.77 

5.35 

- 

0.80 

<-98 

0.946 

- 

(1) 

2 -Ethylhexauol 

2.38 

8.22 

107 

807 

121 

0.763 

-90 

0.922 

360 

(-) 

- 

2.39 

6.28 

819 

120 

0.763 

<-70 

- 

360 

(M 

« 

2.26 

7.83 

109 

0,782 

<-98 

0.925 

{■■) 

" (Harlube  DA) 

2.31 

8.13 

108 

0.783 

“94 

0.927 

425 

{-) 

’’  (Bisol) 

2.39 

8.28 

120 

0.763 

<“70 

(M 

n-Octauol 

2. 83 

.8.75 

187 

0.652 

+50 

0.919 

(5) 

C3  Oxo 

2.80 

10.01 

140 

0.724 

<-70 

0.917 

450 

(7) 

Cg  Oxo  (Plerol  2UU) 

2.84 

10.15 

990 

143 

0,720 

“110 

410 

(5) 

Octene-2-ol-l 

2.45 

9.^*6 

86 

0.804 

<“75 

5 

(^) 

Branched  Chain  Alcohols  (E-50^) 

2.47 

8.96 

1245 

111 

0.774 

<-60 

300 

(5) 

I.C.I.  Alcohols 

2.51 

8.85 

124 

0.755 

<“75 

325 

2 

('i) 

Cg  Oxo  (Esso) 

3.34 

13.3 

141 

0,720 

<“70 

365 

(^) 

„ 

3.^7 

13.1 

162 

0.688 

<“70 

(8) 

Oxo  (Harlube  NA) 

3.40 

12,67 

160 

0.694 

-85 

0.917 

450 

(M 

Oxo  Leuna 

3.21 

12,70 

136 

0.728 

<-98 

<-70 

0.918 

(5) 

CiQ  Oxo 

3.60 

14.74 

147 

0.710 

<“75 

390 

10 

(5) 

^10'^12 

3.17 

12.27 

1617 

149 

0,723 

“45 

420 

12 

(5) 

Ci2-C]^4  Oxo 

4,64 

20.93 

156 

0.660 

'5 

435 

12 

(1) 

1-Methyl-U-ethyloctanol-l 

3-72 

17.5 

548 

6310 

112 

0.754 

<-80 

0.901 

(1) 

l-(2-aethylpropyl)-l.-ethyloctanol-l 

5.14 

34.3 

2300 

65000 

80 

0.783 

-60 

0.885 

445 

(1) 

l-(3-ethylanyl)-i*-ethyloctoncl-l 

6.22 

42.6 

2300 

50000 

102 

0.743 

-60 

0.884 

• 

(5) 

l-in-2-ethylhexanol  + 1- a -OPE -5 

11.60 

97.40 

113 

0.668 

-20 

470 

12 

(-) 

Cyclohexanol 

4.42 

12.90  (122*F.) 

- 

0.672 

+104 

(M 

3 and  4 Methyl  Cyclohexanol 

4,64 

27.70 

87 

0.774 

-62 

1.002 

(M 

Cg  Oxo  Leuna 

3.21 

12.70 

136 

0,728 

<-98 

0.918 

(>*) 

Cg  Oxo  Leuna  + 1-m-Ethyleneoxlde 

4.30 

18.30 

165 

0.678 

-85 

0.948 

(«*) 

" + 2-  B ” " *’ 

5.74 

27.40 

154 

0.640 

“72 

0.976 

(M 

+ 4-m  “ " " 

7.72 

40.90 

147 

-0,622 

-62 

1.002 

(M 

+ 6-m  '*  " ” 

10.00 

54.10 

148 

0.581 

-36 

1.021 

(M 

Leuna  Alcohol  (356-462*F.)  E-51> 

3.65 

16.40 

122 

0.741 

“92 

-87 

0.930 

(M 

” " + 2-m  Ethylene  Oxide 

4.96 

24.60 

I4l 

0.696 

“74 

0.972 

(5) 

Butyl  CellOBOlve 

2.26 

7.41 

129 

0.754 

<'35 

415 

4 

(1) 

Ethylbutyl  Cellusolve 

2.68 

9.23 

134 

1290 

144 

0.723 

<-80 

0.966 

(5) 

Hexyl  Cello solve 

2.82 

9.94 

146 

0.716 

+5 

415 

6 

(5) 

Etnyl  Carbitol 

5.99 

30.32 

147 

0.661 

-45 

10 

(1) 

Butyl  Carbitol 

3.29 

12.2 

205 

2105 

159 

0.695 

+12 

1.010 

(5) 

Butyl  Carbitol 

3-^7 

13.34 

158 

0.695 

<-35 

450 

13 

(5) 

Dowanol  5OB 

(Dlpropylene  Glycol  mono  methyl  ether) 

2.82 

11.01 

113 

0.760 

<-75 

390 

3 

(5) 

Dowanol  ^2B 

(Trlpropylcne  Gj-ycol  mono  methyl  ether) 

4.30 

19.72 

146 

0.705 

“65 

15 

(5) 

Dowanol  3^A 

(Propylene  Glycol  mono  isopropyl  ether) 

2.08 

8.99 

102 

0.796 

<-75 

325 

4 

(5) 

Dowanol  ^>3A 

(Dlpropylene  Glycol  mono  iaopropyi  ether) 

3.52 

14.70 

137 

0;724 

-65 

380 

6 
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TABI£  4 


ADIPATKS 


Bef. 

Alcohol 

Viacoaity,  Ca. 

« ‘F. 

210  100 

_ V.I. 

AS3N 

Slope 

210/100  T. 

Pour 

Point , *T. 

Specific 
Gravltr.  20"C. 

Flaoh 

Point. 

Ti^ 

Methyl 

O5 

2.1k 

-- 

1.013 

♦kl 

l.Ote 

282 

(10) 

Xthjl 

0.99 

2.51 

-- 

0.877 

-8 

280 

(10) 

n-Bntyl 

l.k9 

3.68 

— 

0.7k8 

-13 

538 

(10) 

laobntyl 

1.56 

k.08 

— 

0.766 

♦32 

0.952 

525 

(9) 

" (daPont ) 

l.'k6 

k.OO 

"" 

0.81 

0* 

— 

— 

(9) 

Sec.'Batyl  (Rohk  end  Haaa) 

— 

3.6k 

— 

-- 

__ 

(9) 

Sec.-Biyl  (Rohm  and  Bane) 

... 

k.k8(“) 

— 

0.83 

<-100* 

-- 

355 

(9) 

^-Nethylbutjrl  (Rohm  and  Haoe) 

1.70 

k.S? 

122 

0.78 

<-80* 

-- 

— 

(10) 

Alcohol  (Synth.) 

1.75 

k.76 

— 

0.7k5 

<-106 

0.9U8 

329 

(9) 

Bezyl  (Hardeety) 

1*77 

5.55 

97 

0.63 

+30* 

-- 

355 

(10) 

leobezyl 

1.98 

5.68 

— 

0.729 

-5k 

0.955 

372 

(10) 

2>Xtbylbatyl 

1*77 

5.55 

— 

0.799 

<-98 

0.9k6 

561 

(10) 

n-Octyl 

2.85 

8.75 

187 

0,652 

♦39 

0.919 

kl9 

(10) 

2>XthylhezyI 

2.26 

109 

0.785 

<-106 

0.925 

kl9 

(9) 

* (Ohio  Apaz) 

2*55 

UB 

0.77 

<-80* 

-- 

575 

(10) 

la.  B~Octyl  * la.  2>Ithylh»zyl 

2.52 

8.50 

159 

0.73k 

-U 

0,922 

k05 

(10) 

la.  n-Octyl  ♦ la.  Leuna  Alcohol  (529“392*X.) 

2.66 

9.39 

135 

0,737 

-20 

0,919 

ko6 

(10) 

CS-C9  Ozb  (Ruhrchaaie  Cracked  Olefine) 

2,90 

10.1 

155 

0.703 

-9 

0,922 

kl9 

(10) 

Ozo  (DlleobutyXane) 

3*21 

12.7 

156 

0,728 

<-98 

0,918 

kl7 

(10) 

” ♦la.  C2BkO 

k.30 

18.3 

165 

0.678 

-85 

0.9k8 

kl9 

(10) 

Co  Ozo  ♦ 2a.  C^EUlO 

5.7k 

2?.k 

15k 

0.6k0 

-72 

0.976 

k6k 

(10) 

• ♦ ha.  “ 

7*72 

kO.9 

lk7 

0.622 

-62 

1.002 

k37 

(10) 

■ ♦ 6^.  - 

10.0 

5k, 1 

0,581 

.36 

1.021 

k37 

(10) 

C9<C22  (Ouftsclaid) 

5*52 

12.6 

180 

0,662 

-15 

0.9ik 

kk6 

(10) 

^lO’Oxi  Ozo  (Ruhrcbaale  Cracked  Olefine) 

3.58 

15.1 

151 

0,705 

+36 

0.91k 

k50 

(10) 

OB~Oio  Ozo  ♦ Ozo  (Ruhrcheade  Cracked  Oleflna) 

3.18 

11.8 

153 

0.705 

♦16 

0.918 

k6o 

(10) 

n->Dodecyl 

k.53 

12. k (122*F.)  — 

0,632 

♦97 

-- 

k91 

(10) 

Cx^  Ozo  (Trlleohutylene) 

6.31 

k2.7 

105 

0.736 

-56 

0.907 

kl5 

(10) 

la.  Cx5  Otzo  (Tidieobutylene)  ♦ la.  2-Xthylbutyl 

5*3k 

Ik  .7 

no 

0.760 

-80 

0.922 

k28 

(10) 

OU-Cik  Ozo  (Rithrcheaie  Olefine) 

k.k6 

IS.8 

170 

0.666 

♦55 

0.905 

k?3 

(10) 

Cix-C^  Ozo  (Ruhrchaaie  Olefine)  ♦ la.  leuna  Alct^ol  (?36>hB2) 

k.38 

19.2 

159 

0.685 

-6 

0.917 

k55 

(10) 

Ci^  Ozo  (Ruhrcheaie  Olefine) 

k.90 

21.3 

166 

0.65k 

♦68 

Solid 

k86 

(10) 

0x3  (BahrdMaie  Olefine)  ♦ la.  leuna  Alcohol  (^^6<d»82) 

k.k7 

19.8 

161 

0.680 

♦kl 

0.910 

kk6 

(10) 

C16  Ozo  (Ruhrcheaie  Olefine) 

6.62 

21.1  — 

0.k88  (122*r.)  -H22 

Solid 

k82 

(10) 

Cx6  Ozo  (Rtthrcheaie  Olefine)  la.  Leuna  Alcohol  (3^6-h82) 

5.3k 

25*5 

153 

0.666 

+72 

Solid 

k6k 

(10) 

^16 

7.07 

53  *k 

158 

0.605 

♦90 

-- 

k91 

(10) 

Cx7  Ozo  (Tetraieotmtylene) 

6.58 

k8.6 

Bk 

0.767 

-2 

0.90k 

560 

(10) 

C17  Ozo  (Tetraieobutylene)  ♦ la.  2>Kthylbatyl 

k.Uk 

23*3 

nk 

O.Tk3 

-9 

0.922 

396 

(10) 

Umai  Alcohol  (28k>^20)  Half  Xeter  ♦ Leuna  Alcohol  ♦ 

k.kl 

20.6 

Ikk 

0.805 

-83 

0.962 

399 

(10) 

Leuna  Alcohol  (28k -^29) 

2.U 

6.90 

115 

0.778 

<-108 

0.937 

365 

(10) 

• • (20k-556) 

2,2k 

7.86 

102 

0.791 

<-98 

0.93k 

57k 

(10) 

• ■ (28k -392) 

2.k6 

8.39 

131 

0.7k7 

-105 

0.933 

367 

(10) 

• - (26k-k82) 

2.59 

8.92 

158 

0.73k 

<-98 

0.933 

37k 

(10) 

“ • (520-336) 

2.39 

8.0k 

130 

0.7k9 

<-98 

0.927 

561 

(10) 

• * (520-392)  ♦ Synol  (320-608)  (30^) 

2.37 

8.k2 

no 

0.778 

-k? 

0.925 

5k2 

(10) 

“ - • « « - (20^) 

2.kk 

8.71 

nk 

0.770 

-62 

0.9k5 

356 

(10) 

- « - - - « • (XO^) 

2.k8 

8.^5 

133 

0.7kk 

-80 

C.927 

383 

(10) 

• i%) 

2.50 

8.k6 

137 

0.738 

<-98 

0.92k 

37k 

(10) 

“ **  (529-592) 

2.70 

10.0 

122 

0.755 

-9k 

0.932 

392 

(10) 

• • (329-k82) 

2.93 

11. k 

122 

0.?k8 

-92 

0.930 

332 

(10) 

- - (556-k82) 

5.65 

l6.k 

122 

0.7kl 

-92 

0,930 

352 

(10) 

“ " " " ♦ la.  C2H^o 

k.^ 

20.6 

125 

0.73k 

-78 

0.959 

klO 

(10) 

- - - - ♦ 2a.  C2HUO 

k,96 

2k. 6 

Ikl 

0.696 

-7k 

0.972 

k32 

(10) 

• - - - ♦ 3a«  CgHj^o 

6.16 

32.7 

Ikl 

0.670 

-69 

0.991 

k5l 

(10) 

• " - - ♦ Synol  (320-608)  (51t) 

5.30 

Ik.O 

n9 

0.7k9 

-92 

0.926 

kl9 

(10) 

" • (37k -k82) 

3.91 

18.0 

129 

0.732 

-ei 

0.932 

37k 

(10) 

" * (392-482) 

k*33 

21.6 

12k 

0.752 

-83 

0.930 

392 

(10) 

Gelbdl  Ozo  Alcohol  (320-392) 

5.ko 

12.7 

163 

0.668 

-2k 

0,926 

k28 

(10) 

- - - (320-572) 

2.75 

9.25 

156 

0.703 

<-98 

0.932 

k2k 

(10) 

• • • (360-kJ»6) 

3.23 

12.3 

lk8 

0.711 

C-96 

0.932 

koj 

(10) 

- - - (592-572) 

3*59 

Ik, 9 

lk3 

0,716 

-51 

0.931 

kk6 

(a) 

8k6  Ce./-kO 

(b) 

796  Ca./-kO 

♦ Melting  Point 
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TABLE  5 


SUBSTirom)  AMPATIS 


Bef. 

Alcohol 

Acid 

Vlacoelty , 

Ce.  9 *F. 

210  100 

V.I. 

A9TH 

Slope 

210/100 

ft)ur 

Pt..  *P. 

Specific 

Gr./20“C. 

naah 

Pt..  *1 

(W 

n-Oct/1 

Alpha -Methyl  Adipic 

9.55 

137 

6.734 

-26 

0.927 

T»06 

(10) 

&-Dodecanol 

M 

4.28 

17.5 

177 

0.660 

+61 

0.913 

448 

(10) 

Leuna  Alcohol  {28^*-356) 

fl 

2.36 

8.65 

97 

0.794 

<-98 

0.944 

358 

(10) 

“ - (284-392) 

m 

2.36 

8.65 

97 

0.794 

<-98 

0.945 

356 

(10) 

**  * (356-482) 

m 

4.07 

20.3 

104 

0.759 

-76 

0.953 

585 

(10) 

laobutanol 

Beta-Methyl  Adipic 

1.47 

4,6 

»- 

0.901 

<-96 

0.914 

320 

(10) 

iBobutanol  ■¥  lm.C2Hj^0 

m 

2.84 

10.8 

124 

0.747 

.90 

0.983 

387 

(10) 

laobutanol  -f  2m.C2Hj|0 

m 

4.20 

17.9 

162 

0.685 

-76 

1.020 

459 

(10) 

laobutanol  4b.C2H]^0 

6.92 

34.2 

155 

0.624 

-47 

1.041 

448 

(10) 

laobutanol  * 6m.C2H||^0 

8.72 

42.7 

155 

0.577 

+9 

1.054 

500 

(10) 

2 -Ethy Ibutanol 

- 

2.02 

6.49 

115 

0.784 

<-98 

0.943 

374 

(10) 

Cyclohaxanol 

4.48 

27.5 

71 

0.791 

-58 

1.025 

388 

(10) 

3 and  4-4tothylcyclohexanol 

** 

4.28 

25.7 

64 

0.798 

-51 

0.993 

397 

(10) 

n-Octanol 

It 

2.90 

9.22 

180 

0.663 

-53 

0.920 

44l 

(10) 

2 -Etby Ihexanol 

m 

2.61 

9.43 

124 

0.753 

<-98 

0.910 

4l4 

(10) 

C8-C9  Oxo  (Ruhrchomio  0^-03  Cracked  Olefina) 

- 

2.81 

10.8 

118 

0.755 

-69 

0.921 

401 

(10) 

C9  Oxo  (Diteobutylone) 

** 

5.52 

14.6 

139 

0.721 

-94 

0.916 

405 

(10) 

" ♦ 1/2  m.  C2BI4O 

** 

6.47 

32.8 

149 

0.645 

-65 

0.973 

496 

(10) 

’•  1 m. 

4.75 

21.9 

152 

0.685 

-76 

0.950 

405 

(10) 

* 2 m." 

6.16 

29.1 

157 

0.634 

-67 

0.974 

455 

(10) 

**  3 m,** 

6.92 

54.9 

151 

0.650 

-65 

0,988 

442 

(10) 

" 4 b,** 

8.31 

42.3 

151 

0.596 

-53 

0.998 

475 

(10) 

" 5 m.** 

7.94 

42.6 

146 

0.620 

-71 

1,001 

455 

(10) 

**  7.5  m.  " 

m 

9.13 

50.8 

145 

0.604 

-45 

1,011 

464 

(10) 

C9-C12  Oxo  (Duftschfflld) 

m 

3.80 

14.3 

179 

0.666 

-55 

0.911 

446 

(10) 

Cio-Cj2  (Ruhrchemle  09-Cj^j^  Cracked  Olefina) 

m 

5.71 

14.8 

160 

0.695 

-33 

0,909 

453 

(10) 

C10-C12  O3-C10  Oxo  (Ruhrchemio  Cracked  Olefina) 

3.42 

12.9 

161 

0.691 

-56 

0.916 

430 

(10) 

Cii-C,K  Oxo  (Buhrchemle) 

4.64 

20.1 

165 

0.667 

-13 

0.906 

442 

(10) 

n-Dodecyl 

m 

4.71 

18.6 

183 

0.630 

450 

0.898 

464 

(10) 

Cj^j  Oxo  (Ruhrchemie)  ♦ Im.  Leuna  Alcohol  (356-482) 

It 

4.29 

19.9 

143 

0.710 

-27 

0.910 

4o6 

(10) 

“ **  ♦ Im,  2-Ethylbutanol 

iff 

4.45 

23.5 

113 

0.744 

-72 

0.915 

581 

(10) 

C16  Oxo  (Ruhrchemie) 

6.79 

55.6 

153 

0.628 

441 

0.894 

556 

(10) 

" **  " Leuna  Alcohol  (556-482) 

5.08 

25.7 

126 

0.718 

-13 

0.915 

473 

(10) 

0x0  (Tetraiaobutylene) 

6.89 

56.4 

81 

0.768 

-2 

0.908 

360 

(10) 

Levina  Alcohol  (284-320) 

3.13 

15.6 

109 

0.765 

<-94 

0.951 

374 

(10) 

" " (284-320)  + 5.6b. 

7.57 

45.1 

154 

0.661 

-69 

0.978 

441 

(10) 

- " (284-392) 

2.51 

8.91 

122 

0.758 

<-98 

0.926 

565 

(10) 

- ••  (320-392) 

2.63 

10.5 

90 

0.794 

<-98 

0.928 

338 

(10) 

- **  (556-482) 

4.10 

21.2 

103 

0.760 

-- 

0.915 

587 

(10) 

” ” (356-482)  + Ln.  C2Hi,0 

4.50 

23.2 

121 

0.733 

-71 

0.955 

414 

(10) 

" * (356-482)  + 2a.  ** 

6.25 

32.8 

143 

0.663 

-65 

0.980 

396 

(10) 

" ■*  ” ♦ 3m.  " 

H 

6.27 

47,4 

140 

0.631 

-47 

1.004 

424 

(10) 

**  " « ♦ k6f>  Synol  (Cq-Cit) 

5.10 

28.9 

116 

0.73** 

-42 

0.945 

419 

(10) 

**  •*  (520-392)  + 30jt  Synol  (32O-6O8) 

2.91 

10.7 

139 

0.726 

-92 

0.945 

519 

(10) 

« “ **  ♦ 205t  *• 

2.71 

10.9 

94 

0.787 

-71 

0.942 

356 

(10) 

« •»  ••  ♦ lOlfc  ** 

2.66 

10.7 

90 

0.794 

-98 

0,945 

396 

(10) 

“ •*  " ♦ 5%  “ 

2.70 

10.6 

102 

0.778 

-78 

0.926 

365 

(10) 

Synol  (363-599) 

2.60 

9.05 

135 

0.737 

-94 

0.922 

410 

(10) 

Gelbol  Oxo  Alcohol  (520-392) 

2.94 

10.7 

144 

0.719 

-94 

0.929 

392 

(10) 

******  (320-572) 

5.76 

16.9 

129 

0.734 

-82 

0.933 

410 

(10) 

- *■  •'  (360-446) 

3.40 

14.1 

X32 

0.731 

-90 

0.928 

415 

(10) 

« **  *•  (392-572) 

5.98 

19.1 

122 

0.740 

-76 

0.932 

433 

(10) 

C9  Oxo  (Dllaobutylene) 

Dimethyl  Adipic 

5.55 

15.0 

133 

0.725 

-90 

0.916 

592 

(10) 

**  - + lo.  C2HUO 

« 

4.67 

23.4 

133 

0.714 

-76 

0.948 

455 

(10) 

leuna  Alcohol  (356-592) 

M 

4.29 

24.2 

85 

0.777 

-71 

0.932 

435 

(02) 

2-Ethylhexanol 

^-tert  Butyl  Adipic 

3.09 

15.1 

55 

0.824 

<-70* 

— 

.. 

(12) 

/5-tert  Octyl  Adipic 

5.03 

34.4 

66 

0.795 

<-70* 

-- 

-- 

(10) 

Hexanol 

3,  4-Dlcarboxy  Adipic 

8.37 

57.9 

121 

0.680 

-24 

1.044 

-- 

« Melting  Folnt. 
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(isopropanol  + 3m  Propylene  oxide) 


TABIE  7 


SKBACATES 


ASTM 

Slope  Melting  Flash 

Viscosity » Cb.  Q *F.  210/  Point,  Pt., 


Alcohol 

210 

100 

-40 

V.I. 

100*F. 

•F. 

*F. 

Ustl^l  (Roha  and  Haas) 

1.39 

3-71 

— 

106 

0.82 

+75 

— 

(9) 

Sotgrl  (Roha  and  Haas) 

2.10 

6.10 

-- 

155 

0.70 

+25 

385 

(10) 

Batjl 

2.09 

6.02 

-- 

-- 

0.70 

0** 

385 

(9) 

laohulj^l 

2.22 

7.02 

-- 

137 

0.72 

+25 

340 

(12) 

laobutgrl 

2.22 

7.02 

-- 

137 

0.74 

-10 

" 

(9) 

8ac-Bntjl  (Roha  and  Haas) 

-- 

6.21 

308 

0.75* 

<-50 

350 

(12) 

Bae-Butjrl 

2.06 

6.2 

303 

140 

0.74 

<-70 

-- 

(9) 

1/3  Hach:  Butjl,  n-Anyl,  2-Bthylhexyl 

-- 

-- 

-- 

-- 

+15 

-- 

(9) 

l-Mathjlbul^l  (Roha  and  Haas) 

7.25 

1*73 

-- 

0.75* 

<-100 

375 

(9) 

2-Nst^lhuVl  (R<^  and  Haas) 

2.40 

8.00 

-- 

150 

0.70 

'35 

390 

(9) 

n-Aiqrl  (Roha  and  Baas) 

2.38 

7.311 

-- 

157 

0.69 

+30 

380 

(9) 

mul7l  (5OIO  + Di-n-Aiyl  (501() 

-- 

-- 

-- 

-- 

-- 

+20 

'- 

(9,12) 

Sae'Ai^l  (Plexol  202)  (Roha  and  Haas) 

2.27 

7.42 

498 

129 

0.75 

<-100 

370 

(9) 

Nixed  Sec-ANorl  (Roha  and  Haas) 

2.25 

7.30 

483 

131 

0.74 

<rl00 

410 

(9) 

Fsntasol 

2.45 

7.88 

149 

0.70 

-30 

385 

(9) 

BatFlf  henzyl  (Bardestj) 

2.88 

9.82 

-- 

160 

0.69 

+35 

38c 

(9) 

1,  3-Dlaeth7lhutjl  (Roha  and  Baas) 

-- 

9.29 

1210 

-- 

0.78* 

0 

-- 

(12) 

1,  3-Rlaetlvlbutyl 

2.64 

9.24 

1500 

136 

0.74 

<-70 

-- 

(9) 

2>Eth/l'but7l  (Roha  and  Baas) 

2.70 

9.10 

-- 

152 

0.71 

-10 

385 

(12) 

2-Ethyll)niyl 

2.70 

9.10 

** 

152 

0.71 

-4o 

" 

(9) 

2'Moth7lpan^l 

-- 

10.8 

955 

-- 

0.71* 

'35 

385 

(9) 

Hexyl  (Hardesty) 

2.64 

9.34 

1200 

132 

0.74 

0 

400 

(9) 

Haptyl 

3-25 

11-3 

-- 

174 

0.66 

-f6o 

425 

(9) 

l-Methylhesyl  (Rohm  and  Haas) 

-- 

10.8 

1130 

-- 

0.73* 

'15 

-- 

(9) 

Capiyl,  benzjl  (Hardesty) 

3.17 

11.9 

148 

0.70 

+35 

335 

(9) 

Capiyl 

3.35 

13.0 

-- 

149 

0.70 

+5 

-- 

(12) 

Octyl 

3.56 

12.7 

183 

0.^ 

+72 

-- 

(9) 

2-Ethylhexyl  (Roha  and  Haas) 

3.28 

12.3 

1400 

155 

0.70 

<-55 

440 

(10) 

P'Ethylhexyl 

3.30 

12.2 

-- 

-- 

0.69 

<-98** 

445 

(9) 

2-Xthyllie2yl  Sabacate  (60^)  -*■  n-A^yl  Sebacate  (90%) 

-- 

— 

— 

— 

0 

— 

i9) 

2-Kthylhezyl  Sebacate  (90^0  + n-Asyl  Sebacate  (10^) 

-- 

-- 

-- 

-- 

-- 

-25 

-- 

(9) 

2-Ethylhoiyl  Sebacate  (95l()  + n-Ajnyl  Sebacate  (5^() 

-- 

-- 

-- 

-- 

-- 

'35 

-- 

(12) 

Isooctyl  (Oxo) 

3.83 

15.5 

220(0*) 

163 

0.69 

'35 

-- 

(9) 

Isononyl  (Oxo) 

4.6 

18.9 

-- 

176 

0.64 

-30 

-- 

(9) 

^Methoxyethyl 

2.47 

3.75 

— 

119 

0.75 

+35 

405 

(9) 

^•'Xthoxye  thy  I 

2.79 

9.91 

— 

142 

0.71 

+25 

385 

(9) 

^Bntoxyethyl  (Airdesty) 

3.02 

10.8 

-- 

161 

0.70 

+5 

340 

(10) 

Lsuna  Alcohol  (356-U82*F.) 

4.45 

20.7 

-- 

146 

0.70 

-94** 

469 

(10) 

" **  **  ♦ 2a.  C2H4O 

3.96 

50.6 

— 

143 

0.61 

-67** 

534 

(10) 

• " ” ♦ 4a.  C2H4O 

11.3 

79. 9(122*) 

-- 

-- 

0.80* 

+72** 

491 

* Slope  for  widest  tenperatur©  rang© 
for  which  viacoBltles  are  reported. 

*♦  Pour  Point. 
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Pt. . 
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U30 
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UOO 
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U50 

U45 

U25 

U25 
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U60 

I175 

U55 

U20 

U95 

430 

U95 


UUO 

460 

455 
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TABIE  13 

Howo-ssrops 


ASTM 

specific 

Vis. 

C8.  @ 

•F. 

Slope 

Pour 

Gravity/ 

Flash 

Bef. 

Acid 

Alcohol 

210 

210-100'F. 

Pt..  'F. 

20  "C- 

Pt..  "F, 

(10) 

n**HDX«2M>lc 

n-Butanol 

0.75 

1.26 

0.69 

<-98 

190 

(10) 

Iflotiexano  Ic 

n-Butaaol  +2«.  C2EDj.O 

1.79 

4.82 

-- 

0.73 

<-108 

0.942 

334 

(9) 

Isobutyric 

Lauryl  Cellosolve 

1.81 

4.86 

— 

0.72 

+10 

— 

— 

(10) 

n-Octanolc 

2,2,4-  - TrlBethylpentaoone-3-ol-l 

2.48 

8.95 

109 

0.78 

<.-98 

0.910 

363 

(u) 

(10) 

2*'Eth7lhexano  ic 
Louna  Acid  (320-356) 

2-Ethylhexanol  44m.  C3E6O 
Cg  Oxo  (di Isobutylene ) 

3.02 

1.66 

12.0 

4.66 

121 

0-70 

0.78 

0.870 

288 

(10) 

Leuna  Acid  (392->»62) 

n-Butaziol  +9a.  C2H4O 

5-32 

23.7 

163 

0.65 

+9 

1.012 

487 

(10) 

" " " 

“ +l6m.  CpHlO 

10.2 

62.2 

138 

0.61 

+48 

1.045 

518 

(10) 

" 4l6a.  CpHkO  44m.  C^HgO 

7.09 

33.6 

158 

O-6I 

-67 

1.009 

464 

(10) 

" " " 

Cyclohexsnol 

1.54 

5.30 

-- 

0.93 

<-105 

0.917 

302 

(10) 

n " ‘ " 

Leuna  Alcohol  (284-320)  4llm. 

C2%0 

9.16 

45.5 

154 

0.57 

+18 

1.029 

496 

(10) 

" " (356-482) 

12.0 

92^ 

0.79 

0.891 

(loj 

" " " 46m,  { 

:2H4o 

zM 

15.9 

136 

0.72 

-81 

0.957 

(10) 

" " " 

" " " +10m. 

C2H40 

8.49 

43.0 

152 

0.59 

+41 

1.020 

478 

(10) 

" " " 

**  " " 4-20nt. 

12.0 

69.0 

145 

0-57 

+68 

1.044 

487 

(10) 

• " " " 

" " " +30a. 

22,7 

127.5  145 

0.48 

+73 

-- 

550 

(10) 

lAuric  Acid 

" ■*  " +6m. 

4.60 

20,6 

158 

0.68 

48 

0.946 

421 

(10) 

lauDa  Acid  (392-^2) 

Cg  Oxo  (Dlisobutylene) 

1.71 

5.34 

-- 

0.89 

<-98 

0.866 

311 

(10) 

» «t 

" 4lCte.  C2Hi4.0 

" +160.  " 

5.69 

29.1 

144 

0-68 

-3 

0.993 

491 

(10) 

It  « 

7.47 

36.0 

155 

0-60 

+17 

1.006 

491 

(10) 

m «t 

" 428m. 

14.0 

76.2 

148 

0.53 

+80 

- 

536 

(10) 

I, 

" 4l4m.  " 43m.  CjHgO 

^9"^12  (Duftechmld) 

7.41 

35.5 

156 

O-60 

-58 

0-996 

482 

(10) 

" " 

1.84 

5.84 

— 

0.81 

<-94 

0.866 

345 

(10) 

« n 

Cx3  Oxo  (Trilsobutylene ) 

3.16 

14.4 

87 

0-79 

-78 

0.874 

345 

(10) 

n I. 

C17  Oxo  (Tetro isobutylene) 

3.50 

17.9 

69 

0.80 

-36 

0.879 

338 

(12) 

Staarlc 

Butyl 

2.3 

6.7 

169 

0.^9 

+65 

*- 

(12) 

Oleic 

Butyl 

2.3 

6.2 

191 

0.65 

-25 

-- 

-- 

(lo) 

Oleic 

2-Ethy Ihexanol 

2.75 

9.03 

163 

0.69 

-89 

0,867 

432 

(12) 

Biclsolelc 

2-E  thy Ihexanol 

5.43 

24.7 

160 

0.65 

-- 

— 

— 

(12) 

Dndecyl 

6.26 

35-3 

133 

0.68 

— 

— 

-- 

(9) 

Acetyl  Rlcinolelc 

Me thoxy ethyl 

3.96 

17.6 

143 

0.71 

<-100 

— 

425 

(11) 

S-Sthylbutyryl  riciooleic 

2-Ethy Ihexanol 

3.85 

15.3 

168 

O-69 

-- 

-- 
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TABI£  22 


ESTERS  COITIAIMIHQ  BIW&  STHPCTOKBS 


Bef. 

Compound 

Viscosity . 

210  100 

Cb.  « *F. 
-UO 

V.I. 

ASTM 

Slope* 

Melting 
Pt. , 
*F. 

Specific 
Gravity/ 
20  *C. 

Flash 
Pt. , 
•F. 

Fire 

Pt., 

*F. 

(9) 

Methyl  Phthalate  (Carbide  and  Carbon) 

1.68 

6.90 

-- 

0.98 

-- 

-- 

315 

335 

(12) 

Ethyl  Phthalate 

1.73 

6.3 

121(0*) 

-- 

0.91^i 

‘30 

-- 

3^a0 

360 

(9) 

Allyl  Phthalate  (Ohlo-Apex) 

1.71 

995 

uu 

0.89 

0 

— 

340 

360 

(9) 

Butyl  Phthalate  (B.F. Goodrich) 

2.2U 

0.13 

2250 

^3 

0.85 

<-100 

-- 

240 

370 

(12) 

Butyl  Phthalate 

2.31 

9.71 

202(0*) 

37 

o.eu 

“31 

-- 

““ 

(9) 

Amyl  Phthalate  (Coranerclal  Solrents) 

-- 

IU.5 

57l*(0") 

-- 

0.86 

<-100 

-- 

-- 

(9) 

n- Hexyl  Phthalate  (Carbide  and  Carbon) 

2.92 

13.5 

-- 

60 

0.80 

‘30 

-- 

275 

370 

(9) 

Hexyl  Phthalate  ( Hardee ty) 

3.2U 

20.9 

-- 

-5li 

0.89 

+5 

275 

370 

(9) 

Capryl  Phthalate 

26.8 

31800 

22 

0.78 

*65 

-- 

310 

455 

(12) 

Capryl  Phthalate 

k.2 

?7.1 

-- 

32 

0.827 

(9) 

Capryl,  butyl  Phthalate  (Rohm  and  Baae) 

h.02 

25.9 

19 

0.82 

-65 

-- 

390 

440 

(9) 

2-Ethylhexyl  Phthalate  (Ohlo-Apex) 

h.26 

29.7 

2160(0*) 

7 

0.83 

<-100 

385 

465 

(10) 

?-Ethylhexyl  Phthalate  (Ohlo-Apex) 

38.8 

-- 

35 

G.83O 

-54** 

0.990 

352 

-- 

(12) 

Octyl  Phthalate 

30 

29.3 

2800(0*) 

19 

0.8U6 

<-65 

-- 

(9) 

Me thoxy ethyl  Phthalate  (Ohlo-Apex) 

3^0h 

17.1 

-- 

-11 

0.87 

““ 

0 

CO 

m 

415 

(12) 

Methoxyethyl  Phthalate 

2.8 

U.9 

-- 

-11 

0.889 

-- 

-- 

(11) 

Ethoxy ethyl  Phthalate 

2.99 

16.6 

'“3 

0.833 

-- 

-- 

-- 

-- 

(9) 

Butoxy ethyl  Phthalate 

3.21 

16  A 

-- 

-U6 

0.8ii 

-- 

-- 

365 

470 

(12) 

Butyl,  Bilflobutylphenoxyethyl  phthalate 

5.60 

63.3 

30000(0*) 

-U9 

0.912 

-15 

-- 

(10) 

Leuna  Alcohol  (280- 329) 

3.92 

27.6 

-28 

0.896 

-67** 

1.007 

387 

(10) 

Leuna  Alcohol  (329-U82) 

7.08 

77.7 

-- 

25 

0.839 

“36** 

C.988 

383 

-- 

(0) 

Leuna  Alcohol  (392-U82) 

7.31^ 

89.2 

-- 

9 

0.856 

0.977 

-- 

>- 

(9) 

Butyl  leophthalate  (Geneaee  Research) 

2.51 

11.1 

-- 

38 

0.85 

-10 

-- 

-- 

-- 

(9) 

2-Ethylhexyl  leophthalate  (Genesee  Research) 

U.80 

35.2 

-- 

33 

0.82 

<“65 

-- 

-- 

(9) 

Butyl  Terephthalate  (Genesee  Research) 

2.^3 

9.86 

-- 

65 

0.81 

■♦60 

““ 

-- 

(9) 

2-Ethylhexyl  Terephthalate  (Genesee  Research) 

U.97 

33.9 

-- 

66 

0,79 

-65 

__ 

-- 

(9) 

2-Sthylhexyl  Tetrahydrophthalate 

3.37 

18.6 

-- 

29 

0.83 

<-100 

-- 

(12) 

Butoxy  ethyl  Tetrahydrophthalate 

2.80 

12.8 

6S5O 

51* 

0.828 

<-70 

-- 

-- 

(9) 

Trlbutyl  glycerol  tri phthalate  ^B.F.Gtoodrlch) 

U.8U 

36.0 

-- 

32 

0.82 

-50 

365 

390 

(9) 

Butyl  phthalyl  butyl  glycolate 

3.72 

23.9 

1800(0*) 

2 

0.863 

<“35 

(12) 

2 -Butoxy ethyl  Carbate(^) 

3.52 

18.6 

25000 

52 

0.812 

✓ ^ 

-- 

-- 

♦ Slope  for  vldoBt  temperature  range  for  vhlch 
viecOBltlee  are  reported. 

**  Pour  Point . 

(a)  Bicyclo  (2.2.l)-2-heptene-5,  6-decarboacylate 
(from  maleic  anhydride  + cyclopentadlene) . 
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1 m Dtbut7l  Olthlophoapborte  Acid  1 ■ Btityl  OU*t«  3.V6  I3.60 

2 mM  Dlbutjl  DltblovbesplMW  2 ■ But7l  OUaw  ♦ 1 ■ SCl^  I3.X6  96,17 
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Melting  Point 

Slope  for  widest  temperature  range  for  which  Tiscoaitles 
are  reported. 
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P 
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TABIE  30 


COHPXUi  ESTEB3  - ACID  CCTTER 


Almen, 


Kef. 

Dibasic  Acid 

Glycol 

Acid 

Viscosity 

C8,  (g  •?. 
210  100 

VI 

ASTM 

Slope 
210/100® P 

Pour 

Pt..  ®P. 

Plash 
Pt..  ®F. 

Wts.  Carried 
Grad. 
Loading 

(5) 

Adipic 

Ethylene  glycol 

Acetic 

14.0 

116.3 

121 

0.631 

-15 

Ue 

3 

(5) 

a 

Acetic 

16,1 

137.3 

122 

0.617 

0 

450 

4 

(5) 

n 

Oleic “Acetic 

10.3 

62.8 

139 

0.610 

+50 

465 

4 

(5) 

N 

Oleic 

72.0 

-- 

+35 

490 

6 

(5) 

Capryllc 

*- 

— 

— 

+45 

— 

— 

(10) 

H 

a 

Leuna 

10.49 

120.3 

70 

0.761 

-35 

340 

-- 

(5) 

1,  3 Propane  dlol 

Butyric 

9.42 

54.7 

142 

0.611 

-25 

405 

4 

(5) 

ft 

1,  3 Butane  dlol 

Acetic 

9-33 

69.7 

118 

0.680 

-40 

455 

— 

(5) 

ft 

" 

Propionic 

4.05 

17.24 

158 

0.693 

-70 

275 

““ 

(5) 

" 

Crotonic 

4.85 

30.6 

81 

0.781 

“40 

330 

-- 

(5) 

H 

H 

Butyric 

3-32 

13.28 

139 

0.723 

<-85 

295 

(5) 

n 

” 

Butyric 

3.89 

15.96 

161 

0.690 

<-55 

285 

““ 

(5) 

Capryllc 

4.08 

17.00 

165 

0.684 

-85 

375 

-- 

(5) 

« 

Cq  Oxo 

5.54 

29.6 

136 

0.696 

-55 

380 

““ 

(5) 

n 

Butyric  “Oleic 

5.02 

20.7 

175 

0.631 

“20 

285 

-- 

(5) 

a 

Oleic 

6.72 

32.4 

156 

0.622 

-10 

335 

-- 

(5) 

Pentaglycol 

Capryllc 

5-01 

24.7 

144 

0.681 

<“70 

355 

(5) 

ft 

Trlethylcne  glycol 

Butyric 

8.21* 

43.6 

148 

0,609 

<-35 

385 

3 

(5) 

" 

ft 

Valeric 

6.35 

30.0 

157 

0.628 

<-35 

395 

3 

(5) 

ft 

Capryllc 

7.49 

37.2 

152 

0.610 

<-35 

470 

7 

(5) 

.. 

Tetraethylene  glycol 

Butyric 

8.29 

42.7 

150 

0.590 

<.-35 

425 

6 

(5) 

Butyric 

8.68 

45.3 

148 

0.596 

<-35 

425 

6 

(5) 

Valeric 

8.49 

42.5 

153 

0.588 

<-35 

435 

4 

(5) 

Caprolc 

8.85 

44.5 

153 

0.582 

<-35 

460 

6 

(5) 

Capryllc 

8.68 

43.3 

153 

0-583 

<-35 

475 

5 

(5) 

Polyethylene  glycol  300 

Butyric 

11.48 

62.2 

148 

0.560 

-35 

435 

5 

(5) 

" 

’•  koo 

Butyric 

11.24 

60.4 

149 

0.561 

“10 

450 

15 

(5) 

Polypropylene  glycol  400 

Butyric 

8.49 

42.5 

153 

0.588 

<-35 

435 

4 

(5) 

n 

Thlodlglycol 

Butyric 

6.92 

36.15 

147 

0.640 

<-35 

-- 

8 

(5) 

Adlplc-Sebaclc 

Tetraethylene  glycol 

Butyric 

7.49 

37.8 

151 

0.6l4 

“45 

375 

15 

(5) 

Sebaclc 

1,  3 * Butane  dlol 

Capryllc 

5.75 

26.1 

161 

0.635 

<-75 

385 

(5) 

■ 

Trlethylene  glycol 

Butyric 

9.74 

49.7 

152 

0.570 

+15 

400 

5 

(5) 

m 

Valeric 

8.89 

41.8 

158 

0.562 

+15 

410 

7 

(5) 

n 

Tetraethylene  glycol 

Acetic 

13.4 

82.2 

l4l 

0.567 

<-35 

440 

7 

(5) 

m 

Acetic 

13.1 

80.2 

l4i 

0.569 

<-35 

400 

5 

(5) 

m 

a 

Propionic 

9.92 

51.8 

150 

0.573 

<-35 

415 

7 

(5) 

n 

Butyric 

10.60 

54.6 

152 

0.559 

<-35 

435 

5 

(5) 

a 

»• 

Valeric 

11.58 

58.8 

152 

0.542 

<-35 

445 

5 

(5) 

a 

Caprolc 

11.00 

56.1 

152 

0.551 

<-35 

465 

7 

(5) 

Oxalic 

Ethylene  glycol 

Oleic 

4.70 . 

18.9 

180 

0.637 

+10 

435 

5 

(5) 

Oxalic 

Polyethylene  glycol  4oO 

Acetic 

6.30 

38.0 

124 

0.703 

<-35 

395 

6 

(5) 

Dlglycollc 

1,  3 - Butane  dlol 

Butyric 

5.61 

37.5 

94 

0.761 

-40 

280 

-- 

(5) 

•s 

9 

Capryllc 

4.18 

21.7 

105 

0.776 

“70 

370 

— 

(5) 

Dlllnolelc 

n 

Capxylic 

11.98 

71.1 

142 

0.676 

-65 

390 

— 

(5) 

Thlo-dlproplonlc 

Tetraethylene  glycol 

Butyric 

7.73 

42.5 

144 

0-633 

-40 

390 

15 

(5) 

Tblo-dlproplonic 

Thlo-dlglycol 

Butyric 

7.11 

37.3 

150 

0.636 

<-35 

375 

15 

(10) 

Adipic 

Tr Inathylo let bane 

C6“C7  Leuna 

5.34 

33.0 

104 

0.751 

“65 

420 
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TABIE  31 


COMPLEX  ESTEBS  - GLTCOL  CEHTER 


(Glycol  baa  no  Ether  Oxygen  AtoBs) 


Ref. 

Glycol 

Acid 

Alcohol 

YlacoBlty, 

C8..  e *7, 
210  100 

V.I. 

ASTM 

Slope 

210/100*F. 

Pour 
Pt..  *F. 

Flash 
Pt..  •?. 

Sp.  Gr./ 
20*C. 

(5) 

Ethylene  glycol 

Adipic 

Cg  Oxo 

5.06 

23.7 

153 

0.673 

-30 

415 

(5) 

Adipic 

ICI  Honyl 

4.89 

23.7 

145 

0.691 

0 

405 

(10) 

n 

Adipic 

Leuna  (284-35^) 

4.30 

20.1 

141 

0.712 

-80 

425 

0.992 

(5) 

w 

Adipic 

2-Ethylhexyl 

4.92 

23.5 

148 

0.686 

-30 

420 

(5) 

tt 

Adipic -Sebac Ic 

ti 

7.44 

40.1 

143 

0.634 

-15 

425 

(5) 

m 

Adipic 

Butyl  Carbltol 

6.83 

34.4 

151 

0.632 

-40 

435 

(6) 

Oxalic 

2-Ethylhexyl 

2.74 

11.56 

79 

0.803 

— 

— 

(5) 

Tri»ethylene  glycol 

Adipic 

n-Butyl 

7.70 

38.7 

152 

0.605 

-10 

390 

(5) 

N » 

Th  1 o«dlprop  ionic 

n-Butyl 

5.29 

24.7 

155 

0.663 

<-35 

385 

(10) 

Dlmethylol  propane 

Adipic 

Leuna  Cg-Cy 

8.48 

54.4 

130 

0.657 

-45 

430 

1.002 

(10) 

m » 

/f -Mcthyladlpic 

Cu“0ik  Oxo 

11.7 

81.9 

130 

0.622 

-25 

420 

0.963 

(10) 

n ft 

Adipic 

Leuna  (28U-356) 

5.30 

27.9 

135 

0.702 

-70 

400 

0.982 

(10) 

Dlmethylol  pentcme 

Adipic 

II  It 

6.94 

40.3 

134 

0.670 

-65 

420 

0.989 

(10) 

ft  H 

Adipic 

2-Ethylhexyl 

5.90 

32.3 

135 

0.6^ 

-80 

465 

0.973 

(10) 

1.  k Butane  dlol 

Adipic 

Leuna  (Cg-Cy) 

7.18 

39.7 

I4l 

0.650 

+25 

390 

1.005 

(10) 

H It 

Adipic 

Leuna  (204-35*3) 

5.38 

26.8 

145 

0.680 

-30 

420 

0.993 

(10) 

n n 

Adipic 

2-Ethylhexyl 

5.26 

24.7 

155 

0.655 

-15 

448 

0.978 

(5) 

1,  5 Pentane  dlol 

Oxalic 

C^O  Oxo 

6.26 

36.6 

128 

0.695 

<-35 

385 

(6) 

II  M M 

Sebac Ic 

2-Ethylhexyl 

10.77 

59.3 

147 

0.574 

+20 

— 

(5) 

1,  6 Eezane  dlol 

Adipic 

C5  Oxo 

8.40 

43.0 

151 

0.596 

+55 

425 

(5) 

It  It 

Sebac Ic 

10.68 

56.3 

150 

0.5&* 

+75 

490 

(10) 

M II  It 

Adipic 

2-Ethylhexyl 

5.86 

29.3 

145 

0.662 

-5 

415 

0.975 

(10) 

H It  It 

Adipic 

Leuna 

6.14 

29.5 

154 

0.639 

-5 

400 

0.983 

(.10) 

n It  It 

Adipic 

2-Ethylhexyl 

2.92 

11.6 

115 

0.758 

-80 

445 

0.982 

(6) 

2-Ethylhexane  dlol-1,6 

Sebac Ic 

2-Ethylhexyl 

26.12 

153.1 

142 

0.470 

+25 

.. 

(5) 

Thlo-dlglycol 

Adipic 

n-Butyl 

6.55 

30.8 

158 

0.619 

+25 

345 

(5) 

Adipic 

Ethyl  Celloeolye 

5.3l^ 

25.0 

155 

0.662 

<-35 

385 

(10) 

1,  6 Metbylhexane  dlol 

Adipic 

Leuna  (284-356) 

7.23 

40.2 

141 

0.649 

-75 

425 

0.995 

(10) 

Tr  law  thy  lolpropane 

Adipic 

Leuna  (Cg-Cy) 

12.6 

95.2 

125 

0.627 

-65 

400 

1.016 

(10) 

” 

/f  -Mcthyladlpic 

19.8 

210.7 

112 

0.632 

-45 

430 

1.018 

(10) 

Pent ae rythr It ol 

Adipic 

Leuna  (284-356) 

32.3 

310.0 

125 

0.547 

-40 

400 

1-035 

(6) 

Sebac  Ic 

2 -Ethylhexanol 

53.7 

318.8 

135 

0.405 

-25 

— 

— 
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TABI£  32 


COMPT-^  SSTERS  * GLYCOL  CENTER 
(Olycol  Contains  Ither-Oxygsn  Atoms) 


Asm 

Slope  Poxir  Flash 

Ylecoelty.  Ce.  9 *F.  210/  Pt. , Pt. , 


CIrcol 

Acid 

Alcohol 

210 

100 

-40 

V.I. 

100 *F. 

•f. 

•F. 

•W 

Dlethylsne  gljcol 

Adipic 

n-Butyl 

9.15 

50.7 

-- 

145 

0.^03 

-50 

(5) 

•* 

2-Ethylhexyl 

6.70 

31*. 6 

16,126 

144 

0.643 

-55 

410 

ir> 

15) 

(6) 

I I 

Adlplc-Sobaclc 

Sebaclc 

Methyl  Carbltol 

9.07 

Solid 

L9.5 

at  Poem 

147 

Temperature 

0.601 

-60 

450 

(5) 

Trlothylono  glycol 

Adipic 

n 'Butyl 

10.  LO 

58.2 

-- 

146 

0.585 

C-35 

405 

(6) 

f.  1. 

" 

2-Ethy Ihexyl 

9.1J* 

51.8 

143 

0.609 

-45 

(6) 

.. 

♦* 

" 

6.LU 

32.6 

12,420 

32,488 

143 

0.645 

<-60 

— 

(5) 

H .1 

*• 

7.8U 

LI.3 

147 

0.617 

-55 

430 

(5) 

” K 

” 

CS  Oxo 

5.28 

2L.5 

10,052 

156 

0.662 

-60 

385 

(5) 

.. 

CB  Oxo 

7.27 

36.5 

151 

0.619 

<-35 

425 

(6) 

.. 

'■ 

Capjy ! 

8.68 

L8,0 

-- 

144 

0.603 

-40 

— 

(6) 

r 

’■ 

C9  Oxo 

12.68 

85.2 

-- 

134 

C.599 

-30 

— 

(6) 

« " 

ICI  Nonyl 

9.05 

52.6 

-- 

141 

0.618 

-50 

-- 

(5) 

" ” 

*1 

7.91* 

L2.8 

145 

0.622 

-50 

380 

(O 

" 

* 

Carbltol 

13.2 

83.2 

-- 

139 

0.576 

-30 

-- 

(6) 

1.  •. 

Mixed  Methyl  Adipic 

2 “Sthy  Ihexyl 

5.28 

29-0 

-- 

127- 

0..717 

-55 

— 

(5) 

..  .. 

Adlplc-Sebaclc 

9.56 

50.7 

33.9T6 

149 

0.583 

455 

(6) 

1. 

8.L7 

UL.9 

-- 

149 

0.605 

^60 

-- 

(6) 

Sebaclc 

2-Methi'lpropyl 

10.77 

58.3 

-- 

148 

0.569 

+15 

— 

(6) 

. 

Ai;y'l 

^ c 
y • > 

23.9 

— 

16? 

0.630 

-20 

— 

(6) 

.. 

2-Ethylbutyl 

10. LL 

56.5 

-- 

148 

0.575 

-5 

— 

" 

" 

2-MethyleiEyl 

15-25 

93.; 

-- 

142 

0.554 

0 

— 

M 

2-£thy Ihexyl 

11.17 

60.6 

-- 

148 

0.564 

-10 

— 

(6) 

” '* 

" 

7.76 

39.3 

17,908 

151 

0.608 

-50 

— 

15) 

** 

2-Ethy Ihexyl 

11.86 

64. 7 

-- 

143 

0.557 

-15 

470 

(6) 

** 

Cepryl 

11.31 

61.4 

-- 

148 

0.563 

+10 

-- 

(5) 

" 

*' 

C8  Oxo 

7.55 

37.3 

Solid 

153 

0.606 

-45 

460 

(5) 

.. 

*’ 

9.5L 

48.8 

— 

152 

0.574 

-10 

455 

(6? 

" 

eg  Oxo 

12.29 

67.9 

IU7 

0.554 

+5 

(5) 

ICI  Nonyl 

19.08 

123 -L 

140 

0.530 

+10 

410 

(5) 

.. 

..  M 

9.05 

50.3 

-- 

145 

0,606 

-- 

-- 

(5) 

” '* 

” 

” " 

10.93 

62.3 

-- 

145 

0.581 

-10 

-- 

(5) 

" " 

” 

" ” 

16.1 

94.4 

-- 

144 

0.529 

+15 

48o 

(6) 

Cellosolve 

7.09 

34.5 

155 

0.614 

-5 

— 

{o; 

n « 

.• 

Carbl  tol 

IL.2 

84.2 

-- 

144 

0.550 

+30 

— 

(5) 

"lU~Ci8  Alkonylsucclnlc 

Methyl 

20.65 

245-3 

-- 

105 

0.648 

-10 

485 

(5) 

Tetraethylene  glyco 

Oxalic 

C3  Oxo 

6. LI 

37.2 

-- 

130 

0.683 

<-35 

420 

(5) 

« 

n-Becyl 

5 .L5 

27.9 

-- 

131 

0.685 

+65 

425 

(5) 

Adipic 

2-Ethylhexyl 

5.3L 

44 . 3 

Solid 

147 

0.608 

-40 

430 

(5^ 

C8 

8.73 

46.0 

— 

149 

0.598 

<-35 

435 

(5) 

•f  H 

.. 

ICI  Nonyl 

9.20 

53-0 

-- 

142 

0.612 

<-35 

380 

(5) 

.. 

Cio  Oxo 

S.99 

49-9 

-- 

146 

0.602 

<-35 

455 

(5) 

..  .. 

" 

Dovarol  5 3A 

11.12 

66.66 

-- 

141 

0.592 

-35 

435 

(5) 

.. 

Adlpic-Sebaclc 

2-Ethylhexyl 

10. 3L 

56.1 

37,295 

148 

0-577 

-50 

460 

(5) 

.. 

Sebaclc 

n-Octyl 

9.55 

47.1 

154 

C-546 

+50 

500 

(5) 

.. 

- 

n- Octyl 

10.36 

51.8 

-- 

153 

0.509 

•♦•40 

480 

(^) 

.. 

2-Ethylhexyl 

12.  3L 

74.4 

-- 

142 

0.577 

-40 

465 

(5) 

'* 

CO  Oxo 

12.38 

66.9 

-- 

148 

0.547 

<35 

400 

(6) 

Fslyglycol 

Oxalic 

2-Ethylhexyl 

8.53 

61.8 

-- 

116 

0.688 

-20 

— 

(6) 

" 

6.7L 

42.0 

122 

0.697 

-20 

-- 

(6) 

.. 

Adipic 

2-Ethylhexyl 

11  .09 

65-0 

-- 

144 

0.587 

-60 

— 

(6) 

C&T-ryl 

13 -LI 

78.1 

-- 

144 

0.554 

-45 

-- 

(6) 

.. 

Co  Oxo 

10. 01 

56.4 

35,709 

145 

0.590 

<-60 

-- 

(6) 

.. 

ICI  Nonyl 

12.52 

77.3 

-- 

140 

0.580 

-45 

— 

(6) 

..  « 

Carbltol 

22.7 

168.9 

-- 

131^ 

0.599 

-25 

{€) 

.. 

Adlplc-Sebecic 

2-Ethylhexyl 

9.60 

51.5 

18,223 

148 

0.580 

— 

-- 

(6) 

..  « 

Sebaclc 

n- Octyl 

13-L7 

54.2 

-- 

162 

0.457 

+50 

-- 

(6) 

..  .. 

Capryl 

8.L3 

44.4 

-- 

149 

0.604 

-50 

-- 

(6) 

..  «. 

** 

2-Ethy  Ihexyl 

11. Ll 

61.7 

-- 

148 

0.560 

-- 

(6) 

" 

9.05 

47.0 

150 

0.587 

-40 

-- 

(6) 

. 

2-Ethy Ihexyl 

11.05 

57-6 

17,694 

150 

0.553 

<-60 

(6) 

M 

'* 

10.63 

56.8 

-- 

149 

0.568 

-40 

(6) 

• • 

'* 

5.58 

43-6 

__ 

152 

0.590 

-40 

-- 

" 

” 

eg  Oxo 

12.16 

65.6 

20 , 344 

149 

0.550 

-40 

-- 

(6) 

IL.IO 

76.5 

29,972 

148 

0.529 

-5C 

-- 

(<; 

• 

. 

Cg  Oxo 

13-63 

77.1 

146 

0.544 

-60 

-- 

^-Sthylnonanol-? 

2C.O3 

130.3 

139 

0.526 

0 

490 

(6) 

'*  ” 

7-Sthyluridecar.cl-2 

-- 

-- 

-- 

-- 

+50 

-- 

(6) 

.. 

3,  5-Blethyltridecenol-6 

25.71 

25c. 0 

-- 

130 

0.530 

+20 

-- 

(6) 

.. 

Butyl  Cellosolve 

10.57 

53-0 

-- 

153 

0.552 

+10 

-- 

(^) 

- 

2-Ethyl  butyl  Cellosolve 

11. LB 

55.6 

-- 

151 

0.548 

-50 

-- 

(6) 

Methyl  Carbltol 

20.23 

116.9 

-- 

144 

0.496 

■f45 

-- 

(6) 

**  " 

Butyl  Carbltol 

12.32 

64.4 

-- 

151 

0.539 

+15 

-- 

" *' 

Propylene  glycol  monoethyl  ether 

l7-i‘5 

106.6 

-- 

142 

0.529 

^35 

-- 

(^) 

« M 

" 

Propylene  glycol  monoleopropyl  ether 

21.37 

140.2 

-* 

139 

0.518 

+35 

{O 

Polyethylene  glycol 

o 

o 

Ad  1 pic 
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APPENDIX  II  A TABLES 

RESULTS  OF  ESTER  EVALUATION 
CARRIED  OUT  UNDER  CONTRACT  AF  33  (03S)-li|593 
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(1)  ASTM  slope  210/0*P. 

(2)  Would  not -crystallize  after  15  hrs.  @ -94 *F. 
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Evanacid  3CS  is  HOOCCC(COOH)SCCOOH. 
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(2)  Data  obtained  from  literature  , Section  I of  Appendix. 


TABI£  13 


i 


VISCOSITY-VOLATILITY  PR0i:^RTIE5  OF  MOWO-?D1*«AWP  TRiBAStC  ACID  BSTO^ 


Material 


Viscosity,  Ca.  Q *1*, 

■^10  106  -40  ~ 


Vapor  Te«p»  6 

Pressure,  Bolling  point,  10000  Ce.  Vlscoalty- 

m.  *F.  at  Btt.  Hg.  Viscosity,  Volatility 

pt.;F  UOO*F,  0.5  “1.6  ' ^-0  3.0  


Monoesters 

^f^^fiylKexyl  2-ethylhexanoate 
CQ  0x0  n-octanoate 
Tsopropoxyethoxyethyl  n-octanoate 
?-Ethylbutoxyethoxyethyl  caproate 
Cg  Oxo  pelargonate 

C8  Oxo  lecanoate 

n -Hexyl  Cl 3 Oxoate 

C13  Oxo  3,5,5-trlacthylbexanoate 

CjL3  Oxo  C^3  Oxoate 

Dibasic  Acid  plesters 
Ci-jCg  Oxr  nucclnatc 

D1 -sec. -hexyl  adipate 

D1 butoxyethyl  adipate 

Mono-CQ  Oxo  mono-2 -cthylbutyl  adipate 

Mono-Cio  Oxo  mono-n-butyl  adipate 

Mono-  C3  Oxo  n-hcxyl  adipate 

Dl-2-ethylhcxyl  adipate  (Flexol  A-26) 

Dl-Ce  Oxo  adipate  (plexol  244) 

D1-C8  Oxo  adipate  (PX-208) 

Dll sopropo  xyethoxyethyl  adipate 
Dl-Cjo  Oxo  adipate 

Dl-2-ethylbutoxyethoxyethyl  adipate 
Dlheptoxyethoxycthyl  adipate 
Dicaproxyethoxyethyl  adipate 
Di-Ci3  Oxo  adipate 
Dinonoxyethoxyethyl  adipate 

Dl-2-ethylbutyl  azelate  (TSaery) 
Dl-2-ethylhexyl  azelate  (Emery) 
Dl-2-ethylhexyl  azelate 
D1-Cq  Oxo  azelate  (Emery) 
Dl-3,5,5'l»"l»ethylhexyl  azelate 
Dl-Cio  0^^°  azelate 

pl- sec-amyl  sebacate 
picapryl  sebacate 

pi-2-ethylhexyl  sebacate  (Plcxol  210V) 
D1-C0  Oxo  sebacate  (Hardesty) 


1.092 

2,855 

92.0 

362.1 

2T0 

120 

1.342 

3.446 

71.8 

231.0 

235 

70 

1-363 

3.567 

104.1 

Solid 

315 

50 

1.367 

3.609 

113.9 

501,0 

330 

35 

1.374 

3.549 

78.8 

258.9 

305 

60 

1.592 

4.316 

117.6 

395.1 

330 

27 

I.7H0 

5.330 

307.0 

1400 

315 

— 

2.460 

9.059 

l4ll 

Too  Tlecovw 

350 

24 

3.380 

15.65 

7220 

76500 

405 

3.0 

2.329 

8.226 

1278 

10220 

350 

5.6 

1.007 

5*792 

Solid 

6320 

305 

26 

2.244 

7.312 

634 

Solid 

390 

3.5 

2.275 

7.402 

531.9 

2833 

390 

6.0 

2.29T 

7.448 

459 

2515 

365 

7.4 

2.336 

7.513 

456 

Cryst. 

400 

4.2 

2.362 

8.216 

833 

4920 

395 

3.3 

2.794 

9.952 

1037 

646b 

335 

2.6 

2.807 

9.842 

1025 

6220 

400 

2.9 

2.948 

10.86 

2212 

26500 

420 

1.4 

3.598 

14.43 

2954 

2298c 

450 

0.85 

3.686 

14.  i4 

3522 

40310 

440 

0.20 

4.128 

17.34 

5641 

61130 

44o 

0.15 

4.700 

19.90 

5337 

57670 

415 

— 

5.611 

30.93 

21710 

Visccits 

470 

0-13 

5.764 

29.72 

54400 

— 

44o 

2.412 

7.764 

467.0 

2160 

365 

<4.3) 

2.944 

10.78 

1132 

6260 

400 

1.5 

3.000 

11.09 

1202 

6688 

415 

1.2 

3.378 

12.52 

1281 

7026 

425 

1.1 

4.241 

17.25 

2907 

Viscous 

400 

0.88 

4.345 

18.59 

3643 

25330 

470 

0.46 

2.271 

7.483 

526.0 

2970 

375 

6.4 

3.320 

12.96 

Cryst. 

-- 

420 

0.90 

3.285 

12.46 

1386 

7690 

420 

0.78 

3.772 

l4.6o 

1848 

cryst. 

415 

0.80 

190 

212 

232 

245 

-102 

33*^ 

216 

237 

259 

272 

-116 

35>t. 

230 

252 

276 

286 

(-122) 

(398) 

24o 

262 

285 

300 

-97 

382 

217 

239 

261 

27V 

-112 

373 

245 

267 

290 

306 

-107 

397 





-83 

— 

278 

297 

317 

330 

-66 

383 

333 

358 

384 

400 

-68 

452 

293 

323 

350 

370 

-64 

4l4 

243 

271 

294 

308 

-59 

353 

322 

348 

376 

394 

-60 

436 

300 

325 

350 

369 

-80 

430 

288 

314 

342 

358 

-82 

U2U 

310 

336 

364 

382 

(-92) 

456 

342 

355 

383 

396 

.74 

457 

330 

358 

390 

398 

-74 

464 

326 

354 

384 

4o4 

-73 

457 

372 

394 

414 

428 

-57 

471 

385 

405 

427 

440 

-56 

483 

432 

454 

474 

490 

-52 

526 

436 

455 

470 

(482) 

-47 

517 



— 

-48 

— 

446 

472 

500 

520 

-31 

531 

- 

-- 

-23 

314 

338 

368 

385 

-35 

453 

362 

385 

4l0 

424 

-71 

481 

367 

390 

419 

430 

-69 

488 

367 

394 

425 

440 

-60 

405 

385 

4o5 

433 

447 

.52 

435 

405 

432 

466 

468 

-54 

420 

304 

326 

353 

367 

.78 

431 

376 

405 

432 

449 

(-65) 

497 

380 

4o6 

441 

462 

-69 

510 

382 

4o8 

440 

452 

-65 

505 

D1-C0  Oxo  sebacate  (PX-4o8) 
pl-Cjo  Oxo  sebacate 


3.792  14.67  1769  10080 

4.702  20.83  4191  28860 


425  0.66  388  4l6  445  464  -65  510 

465  0.31  4l8  44o  (460)  (48o)  -53  513 


Dl-n-butyl'phthalate 
pl-2-ethylhexyl  phtbalate 


2.286  9-591  265O 

4.305  30.17  Viscous  solid 


340  14 

400  1.6 


270  29^  319 
354  3^  4o6 


335  -52 

426  -20 


371 

428 


Trlbaslc  Acid  Trles^rB 
Trl-n-T>utj^  acbnl tat e 
Trl-n-hexyl  ester  of  Kvaxtacld  3CS- 


2.438  9.922  1509  10450 

3.320  15.47  4ll8  35250 


370  7.0  301  327  350  365  -65 

46o  0.7  387  4l4  444  (462)  -52 


4X5 

496 


PolyesterB 
complex  Ester  B 
complex  Ester  C 
paraplex  AP-52 
Coiaplex  Ester  A 


7.402 

38.64 

24620 

430 

3.1 

324 

350 

382 

396 

-29 

4ll 

7.780 

40.07 

Solid  Solid 

46o 

2.4 

344 

362 

392 

408 

(-40) 

432 

9.842 

50.85 

28460 

470 

0.53 

390 

420 

(*^35) 

(445) 

-26 

461 

10.35 

53.46 

23700 

465 

0.45 

4o4 

425 

450 

462 

-30 

480 

complex  Ester  B:  C3  Oxo  alcohol -adipic  acid- tripropylene  glycol-adipic  acld-C3  Oxo  alcohol 

Ccnq>lex  Ester  C : C3  Oxo  alcohol -adipic  acld-thlodlKLycol-adlplc  acld-C3  Oxo  alcohol 

Complex  Ester  A;  2-EthylhexyX  alcohol-sebaclc  acld-poIy glycol  200-sebaclc  acld-2-ethylhexyl  mlcohol 

* Bolling  point,  *F.  6 2 ns.  Hg.  minus  temperature  d 10000  Cs-  viscosity  * vlscoslty-voX«tlllty  index. 

Data  In  parentheses  signify  decomposition  Is  occurring  or  solid  state  exists. 
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MrL -0-6081,  Grade  1010  Mineral  Oil 
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Oxidptlon  rate  reeulte  at  0.2  vt.  5^  coneeiitratioa. 


TABI£  47 
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TABIE  48 


PERFORMANCE  OF  OXIDATION  INHIBITORS  AT  3^7 *F.  IN  DI-2-ETHYLHEXYL  SEEACATE 


(Determined  In  MIL-L-6387  CorroBion/Oxidation  Stability 
Test  at  3U7*F. , modified  to  allow  periodic  sampling  and 
progressive  determination  of  the  neutralization  number 
of  the  test  oil.) 


Base  Stock:  Flexol  201  W (distilled  grade) 


Inhibitors  Concentration  Stable  Life,  Hrs. 

(Approx,  order  of  effectiveness)  W.  jo (Based  on  Neut.  No.  increase) 


Phenothiazlne 

0.5 

170 

Phenothiazine 

0.3 

80 

Phe  no thiaz Ine ( ^ ) 

0.3(^) 

55( 

Phenothiazine 

0.1 

52 

p-Ajnino  hydrogenated  cardinol 

0.5 

50 

N-Ac5etyl-^-aininO“3“pentadecyl  phenol 

0.5 

ho 

N-Butyryl-p-aiuino  phenol 

0.5 

30 

Paranoi  hUl 

0.5 

30 

Santowhite 

0.5 

2k 

Ihenyl  hydroquinone 

0.5 

2k 

Antioxidant  2246 

0.3 

2k 

Zinc  DIPS 

0.5 

<2k 

P ,p-Di  octyl -diphenylaniine 

0.5 

<2k 

Calco  MB 

0.5 

<24 

Tenamine  (Suetane) 

0.5 

C24 

Bis -phenol  A 

0.5 

<24 

Goodrite  SAR 

0.5 

<24 

Paranox  56 

0.5 

<24 

(1)  Base  stock  for  this  blend  was  plasticizer  grade 
Plexol  201. 
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TABLE  49 


OXIDATIOW  STABILITY  OF  ESTEBS  AT  3*<-7°F.  (17^**C.) 

MH-L-638T  Corrosion  and  Oxidation  Stability  Test  at  3U7”F.  modified 
to  allow  removal  of  sample  periodically  for  acidity  determination. 


Stable  Life,  Hours 


Material 

(Inhibited  with  Phenothlazlne,  Practical  Grade) 

Untreated, 

0-100^ 

Stripped, 

5-lOO^t 

Distilled 

DI-C3  Oxo  adipate  I (Plexol  2hk) 

45;  45 

40;40 

60 

Dl-Cg  Oxo  adipate  I,  Thermally  treated®  W Hrs. 

— 

55 

— 

DI-C3  Oxo  adipate  II  (Plexol  2kk) 

85;  85 

75 

72 

D1-C0  Oxo  adipate  II,  5-95^t,  Charcoal  Treated 
Dl-Cg  Oxo  adipate  (PX-208) 

80 

30;  20 

35;20 

— 

Dl-2-ethylhexyl  adipate  (Flexol  A-26) 

I40;l60 

115,140 

Dl-capryl  adipate  (Hardesty) 

35 

40,20 

— 

Di-2-ethylbutyl  azelate  (Plaetoleln  905O) 

35;20 

30;  20 

-- 

Dl-sec-amyl  a ebacate  (Plexol  202) 

90 

80,75 



DI-C3  Oxo  sebacate  (PX-^4-08) 

35 

30;  20 

-- 

Dl-2-ethylhexyl  sebacate  (Plexol  201) 

55;75 

70,80 

— 

Dl-2-ethylhexyl  sebacate  (Plexol  20 IW)  80 

;110;70;95;75 

— 

— 

Triethylene  glycol  dl-2-ethylbutyrate  (Flexol  3GH) 

35 

50 

Trlethylene  glycol  dl-2-ethylhexanoate  (Flexol  3G0) 

70,55 

70;6o 

— 

Dlpropylene  glycol  di-n-octanoate* 

95 

— 

— 

Tripropylene  glycol  dlcaproate* 

30 

— 

-- 

Trl-n- hexyl  ester  of  Evanacid  3CS* 

25 

— 

— 

Tri-n-butyl  aconltate 

< 20 

— 

* Lab.  Preps,  initially  purified  by  distillation  and  charcoal  treatment. 
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(1)  50^  solids  in  di-2-othylheiyl  sebacat© 

(2)  Fcirntulation  given  in  Table  XX-6. 


TABIE  51 


THERMAL  STABILITY^  STUDIES  AT  39g''F. 

(20-50  ml.  Sample  Heated  in  Nitrogen  Atmosphere  for  46  Hours  at  392*F.) 


Material 

Source 

Initial 
Neut.  No.j 
mg.  KOH/gm. 

Neut.  No. 
Increase, 
mg,  KOH/gm. 

Decomposition, 
$ of 

Theoretlcal(l) 

Monoesters 

0x0  n-octanoate 

Lab,  Prep. 

0.09 

1.56 

0.71 

If  n 

n n 

0.09 

1.37 

0.59 

C8  Oxo  pelargonate 

n If 

0.68 

0,92 

0.44 

Cg  Oxo  decanoate 

II  n 

0.05 

0.96 

0.49 

Isopropoxyethoxyethyl  n-octanoate 

n It 

1.46 

1.03 

0.50 

2-Ethylbutoxyethoxyethyl  caproate 

It  n 

0.18 

0.12 

0.06 

Dibasic  Acid  Diesters 
Adipates 

d1-C^  Oxo,  I (Plexol  244) 

If  O ft  II  n 

Rohm  and  Haas 

0.35 

0.17 

0.06 

If  II 

0.35 

0.24 

0.08 

" ” ” Stripped,  5-100^ 

Lab.  Prep. 

0,25 

-0,05 

— 

» V 5-1005t 

It  It 

0.25 

0,20 

0.07 

Di-C>  Oxo,  II 

” ° ” Stripped,  5-100^ 

Rohm  and  Haas 

0.14 

0.09 

0,03 

Lab,  Prep, 

0.12 

0.19 

0.06 

" " " Distilled,  5-95^ 

II  II 

0.02 

0.15 

0.05 

- " ••  ••  5-95^ 

II  II 

0.02 

0.21 

0.07 

..  It  n I.  5.95^^ 

f0.02 

0.27 

0.09 

and  Charcoal  Treated 

II  If 

(0.02 

0.09 

0.03 

Dl-%  Oxo  (PX-208) 

PX-2D8  Stripped,  5-100^ 

Pitt.  Coke  & Chem, 

0.33 

5.^3 

1.79 

Lab.  prep. 

0.93 

1.35 

0.44 

Di-Co  Oxo  (Adlpol  lO-A) 

Hardesty 

0.23 

1.43 

0.47 

Di-2SEthylhexyl  (Flexol  A-26) 

Carbide 

0.05 

0,14 

0.05 

Flexol  A-26,  Stripped,  5-10^ 

Lab.  prep. 

0.06 

0.04 

0.01 

Mono -Co  Oxo -mono -n-hexyl 

M 0 It  II 

Lab.  Prep. 

0.45 

2.21 

0.68 

If  If 

0.45 

0.99 

0.30 

Mono -Cq  Oxo -mono-n-2 -ethylbutyl 
Mono-C^)  Oxo-mono-n-butyl 

Lab.  Prep. 

0.11 

0.20 

0.06 

Lab,  prep. 

0.10 

2.U 

0.69 

Dicapryl 

Hardesty 

0.17 

42.0 

13.9 

" , Stripped,  5-100^ 

Lab,  prep. 

0.80 

40.9 

13.5 

Di-C.^Oxo,  I 

Lab,  Prep. 

0.04 

1.07 

0.4l 

- ,n 

It  II 

8,08 

0.20 

0.08 

” " , III,  Purified 

II  It 

0.07 

0.08 

0.03 

Di  -n-butoxyethyl 

Lab,  prep. 

0.17 

1.70 

0.66 

D i 1 s opr opoxy e thoxye thyl 

II  If 

2.20 

0.33 

0.12 

Di -2 -ethylbutoxyethoxye thyl 

n It 

0.36 

0.37 

0.16 

Dl -hep toxye thoxye thyl 

If  It 

0.22 

0.40 

0.19 

Di caproxyethoxyethyl 

It  It 

0.15 

1.79 

0.91 

Dlnonoxyethoxyethyl 

If  n 

0.52 

0.44 

0.20 

Sebacates 


Dl-sec.-amyl 

(Plexol  202) 

Rohm  and  Haas 

0.06 

2.38 

0.73 

plexol  202, 

Stripped,  5*100^ 

Lab.  prep. 

0.02 

3.02 

0.92 

Dlfsec. -hexyl 

Hardesty 

0.76 

3.43 

1,13 

Di-2-ethylhexyl  (plexol  201) 

Rohm  and  Haas 

0.10 

0.22 

0.08 

Plexol  201, 

Stripped,  5-100^ 

Lab.  prep. 

0.15 

0.04 

0.02 

Di-2-ethylhexyl  (plexol  201W) 

Rohm  and  Haas 

0.13 

0.0 

0.0 

DI-C8  Oxo 

(PX-408) 

Pitt,  Coke  & Chem. 

0.40 

5.86 

2.22 

PX-4o8, 

stripped,  T-lOOjk 

Lab,  Prep. 

1.04 

1.02 

0.39 

(1)  Decomposition  theoretically  possible  is  aasxaned 
to  be  complete  breedcdown  to  give  the  stoichio- 
metric quantity  of  original  acid. 
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TABLE  52 


THERMAL  STABILITY  STUDIES  AT  392°F. 


Material 

Source 

Initial 
Neut,  No., 
mg.  KOH/gm. 

Kent.  Ho. 
Increase, 
mg.  KOH/gm. 

Deconq;>osition, 
% of 

TheoreticeJ.(l) 

DI-Cq  Oxo,  I 

Hardesty 

0.70 

1.07 

0.41 

" ” > I,  + 0*5^  Phenothiazine 

Lab.  Prep, 

0.61 

1,04 

0.40 

D1-C8  Oxo,  II 

Hardesty 

0,19 

4,69 

1.78 

Dlcapryl 

Hardesty 

0.27 

2.68 

1.00 

Di-Cxo 

Lab.  Prep. 

0.06 

0,20 

0.09 

Azelates 

Di-S-ethylbutyl,  1,  (Plastolein  9050) 

Emery 

0.26 

0.63 

0.20 

II  n T n n 

n 

0.18 

0,66 

0.21 

” " , 1,  Stripped,  5-100^ 

Lab.  Prep, 

0,14 

0,35 

0.11 

Di-2-ethylhexyl  plastolein  (9058) 

Emery 

1.17 

0,66 

0.24 

Other  Diesters 

Di-Cg  Oxo  Succinate 

Lab.  Prep, 

0.03 

0,90 

0.27 

Di-2-ethylhexyl  phthalate 

Carbide 

0.11 

0.16 

0.06 

Glycol  Diesters 

Pentanediol-1 ,5  di-2-ethylhexanoate 

Lab.  Prep, 

0.97 

0.19 

0.07 

2 -Ethoxymethyl -2, 4-di3aethylpentanediol-l , 5 di caproate 

Lab.  Prep, 

0.12 

0,86 

0.30 

Triethyleneglycol  dl-2-ethylhutanoate  (Flexol  3GH) 

Carbide 

0.65 

0.31 

0.10 

Flexol  3 CK,  Stripped,  5-100^ 

Lab.  Prep, 

0.20 

-0,01 

— 

" ” " , 5-10056 

H H 

0.20 

0.10 

0.03 

Triethyleneglycol  di-2-ethylhexanoate  (Flexol  3G0) 

Carbide 

0.59 

-0.10 

— 

” " " (Flexol  300) 

n 

0.59 

-0.36 

— 

" " ” (Flexol  300) 

0.39 

-0.22 

— 

Flexol  300,  Stripped,  5-100^ 

Lab.  Prep, 

0.20 

-0.02 

Polyethylene  Glycol  di-2-ethylhexanoate  (Flexol  Uco) 

Carbide 

0.27 

0.27 

0.0 

polyethylene  Glycol  200  dibutyrate 

Lab,  Prep. 

0.10 

2.04 

0.62 

Polyethylene  Glycol  200  di caproate 

tl  It 

0.17 

0.41 

0.14 

Polyethylene  Glycol  200  mono-2 -ethylbutyrate  nonocaproate 

It  11 

0.09 

0.16 

0.06 

Dlpropylene  glycol  dl-2-ethylhexanoate 

0.54 

2.42 

0.83 

n !•  ,1 

0.54 

-0.07 

— 

Dipropylene  glycol  dl-n-octanoate 

tl  II 

0.08 

0.34 

0.12 

It  It  ti 

It  H 

0.08 

0,27 

0.09 

Tripropylene  glycol  dlcaproate 

It  II 

0.13 

0.23 

0.08 

n u n 

11  H 

0.13 

-0.02 

It  II  It 

H n 

0.13 

0.57 

0,20 

Trlpropylene  glycol  di-n-octanoate 

It  It 

0.40 

-0.10 

•• 

H tl  tl 

ft  It 

0.40 

-0.18 

fi  H n 

It  It 

0.40 

-0.06 

— 

" " dlpelargonate 

H II 

0.29 

0.27 

0.11 

Tripropylene  glycol  dl-2-ethylhexanoate 

It  II 

0.28 

1.57 

0.62 

It  II  II 

11  II 

0.28 

-0.01 

... 

« II  M 

11  It 

0.28 

0.45 

0.18 

Other  Esters 

Trlmetiiylolpropane  tri-n-octanoate 

11  It 

0.04 

0.09 

0.03 

Triaethylolpropane  mono-2-ethylbutyrate  dlcaproate 

n It 

0,46 

-0.17 

Pentaerythritol  tetracaproate 

It  It 

0,05 

0.05 

0.01 

pentaerythritol  dl-2-ethylbutyrate  dlcaproate 

0.16 

0.01 

0.0 

Trl-2-ethylhexyl  ester  of  3CS  Acid(2) 

n It 

0.44 

1.96 

0,31 

Trl-n-hexyl  ester  of  3CS.  Acld(2) 

II  H 

0.42 

1.41 

0.47 

Complex  ester  C 

0.18 

2.69 

1*^*5 

COOH 
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(2)  No  liquid  sample  remained  at  the  end  of  the  test.  White  crystals  of 
adipic  acid  had  sublimed  to  the  cooler  top  of  the  thermal  tube. 

A small  amount  of  dark  residue  remained  in  the  bottom  of  the 
tube.  No  actual  determination  of  acidity  was  made. 


TABIE  54 

SAE-SOD  TEST  COITDUCTED  IN  SAE  E.P.  LUBRICAHT  TESTING  MACHINE 
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(1)  Failure  occurred  during  5^  lb,  load  Increase;  value  listed  Is  average  of  old  and  new  loads 

(2)  Failed  during  run-in. 

* Omitted  from  averages  because  not  considered  representative  of  performance. 


TABIE  55 

EgEEXrr  OF  OPIBATIHG  COHDITIOMS  OF  FAILURE  LOAD  IW  SAE  mCBIHE 

Automatic  Continuous  Loading  at  76  Lbs.  per  Second  (4680  Lbs.  per  Minute 
After  Bun -In  Period 

Timken  Test  Cups  No.  T-48651,  Batches  "B"  and  "C” 

Room  Ten5>.  (75-80°F.)  at  Start  of  Test 


Shaft 

Speed 

Speed 

Run-In 
I^nuies  @ 

Failure  Load,  lbs. 

Ratio 

RPM 

Lbs.  Load 

Lubricant 

Individual  Euns 

Average 

3.9 

530 

1 @ 200 

EAO-100 
Syn.  A-12 
RRL-3161 
Syn.  C 

3800;  3860;  3960;  4000 
3200;  3350;  3450;  3550 
3300;  3400;  3460;  354o 
3550 

3905 

3388 

3425 

3.9 

750 

1/2  @ 200 

Syn.  C 

2070 

3.9 

750 

1 @ 200 

EAO-100 

H?L-3161 

2400;  2460 
2100;  2270 

2430 

2185 

3.9 

750 

5 @ 200 

EAO-100 
Syn.  C 
Syn.  1-B 

2450 

1550;  1800 
2100;  2200 

1675 

2150 

3.9 

750 

1 @ 200 
and 

5 @ 500 

EAO-100 
Syn.  C 
Syn.  B-14 
rfyn.  1-B 

1950 

500 

1200 

1000;  1300;  3300 

1200 

3.9 

750 

1 @ 200 
2 @ 400 
and 

2 @ 600 

Syn.  c 
Syn.  B-14 
Syn.  1-B 

60O;  600 
600 

600;  600 

600 

600 

3.9 

750 

5 @ 200 
and 

2 @ 400 

EAO-100 
Syn.  A-12 
Syn.  C 
Syn.  B-14 
Syn.  1-B 

1500;  1760 

1050 

1750 

>1700  (Incipient  Scuffing  at  1700) 
>1200  (Incipient  Scuffing  at  1200) 

1630 

3.9 

750 

10  @ 200 
and 
2 @ 400 

EAO-100 
Syn.  1-B 

1920;  2150 
1520 

2035 

3.9 

1000 

1 @ 200 

EAO-100 
Syn.  A-12 
PEL-3161 
Syn.  C 
Syn.  B-14 

1500;  1570 

800;  910;  950;  1000;  1000 
1000;  1040 
92O;  1040 

1050;  1050;  1050;  1150 

1535 

932 

1020 

980 

1075 

3.9 

1000 

2 © 200 

Syn.  A-12 

800;  850;  850 

833 

3.4 

1000 

2 @ 50 

EAO-100 

1550 

6S 
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TABLE  56 


EFFECT  OF  OPERATIHG  COHDITIOIE  ON  FAILURE  LOAD  IN  SAE  MACHINE 

Timken  Test  Cups  No.  T-48651^  Batches  "B"  and  "C" 

Eocm  Ten^).  (75-80“F.)  at  Start  of  Test 


Shaft 

Speed 

Ratio 

Speed 

EPM 

Run-In 
Minutes  @ 
Lbs.  Load 

Stepwise  Manual  Loading 
£bs.  Increase  Average  Rate 
at  Intervals  of  Lbs. /Min. 

Liibrlcant 

Failure  Load* 
Lbs . 

3.9 

750 

2 @ 200 

50  ea.  2 min. 

25 

EAO-100 

450 

100  ea.  2 min. 

50 

EAO-100 

6oo 

100  ea.  1 min. 

100 

EAO-100 

700 

3.9 

1000 

1 @ 200 

100’  ea.  1 min. 

100 

EAO-100 

600 

100  ea.  1 min. 

100 

Syn.  B-14 

6oo 

3.9 

1000 

1 @ 200 

100  ea.  30  sec. 

200 

EAO-100 

700 

3.9 

1000 

2 @ 200 

50  ea.  30  sec. 

100 

Syn.  B-15 

500 

3.9 

1000 

2 @ 200 

100  ea.  30  sec. 

200 

Syn.  B-15 

700 

H f«  It 

ft 

ERL-3161 

700 

M H II 

tf 

Syn.  A -12 

4oo 

M n m 

tf 

Syn.  2-C 

200 

3.9 

1000 

5 @ 200 

50  ea.  1 min. 

50 

Syn.  b-15 

400 

100  ea.  30  sec. 

200 

Syn.  b-15 

700 

50  ea.  10  sec. 

300 

Syn.  b-15 

550 

200  ea.  30  sec. 

4oo 

Syn.  b-15 

800 

14.6 

1000 

2 @ 50 

50  ea.  10  sec. 

300 

EAO-100 

200 

* Individual  determinatians. 
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TABI£  57 


LUBRICATION  STUDIES  Ilf  4 -BALL  E.P.  TESTER 


(1800  RPM  for  1 Minute  at  Room  Ten?)erature) 


yiBcoslty,  Applied  Load,  Kg 


Material 

C s • @ 

210 

! “F.  No  Delay 

100  Seizure 

Weld 

Refined  Mineral  Oil  (distillate) 

(A) 

1.2 

3.1 

30 

90 

ft  « It  ff 

(B) 

3.1 

15.3 

35 

90 

ft  ft  ft  It 

(c) 

5.7 

44.3 

30 

90 

ft  n ft  ft 

(B) 

9.8 

112 

35 

90 

ft  It  ft  ft 

(E) 

14.1 

195 

35 

95 

Cs  Qro-n-octanoate 

1.34 

3.45 

45 

100 

D1-C8  Oxo  Adipate  (Plexol  2kk) 

2.83 

10.1 

45 

95 

Dl-Cio  Oxo  Adipate 

3.60 

14.4 

50 

90 

W.-C13  Qro  Adipate 

5.61 

30.9 

50 

100 

D1 -2-ethyllieiyl  Selacate  (Plexol  201) 

3.36 

10.8 

55 

100 

Containing  2.5  vt.  % Acrylold  HF-825 

4.55 

17.7 

55 

110 

- 5.0  vt.  ^6  ” 

ft  tt 

6.11 

23.9 

55 

114 

" 7.5  vt.  ^ " 

tt  tt 

7.94 

31.7 

55 

110 

" 10.0  vt.  ^ " 

ft  tt 

10.10 

41.0 

55 

no 
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TABIE  58 


LUBRICATION  STUDIES  IN  4 -BALL  E.P.  TESTER 


(1800  RPM  for  1 Minute  at  Room  Ten?)erature ) 


Material 

Applied  Load, 
No  Delay 
Selziure 

Kg. 

Weld 

Dl-2-ethyitexyl  setacate  (Plexol  201) 

55 

100 

Di-C8  Oxo  sebacate  (PX-408) 

55 

100 

Dl-Cj^O  a^pate 

50 

90 

Di-C^  Qxo  succinate 

65 

95 

Dl-2-ethylbutoQcyethaxyethyl  adipate 

45 

100 

Tripropylene  glycol  dl-caproate 

45 

95 

Polyglycol  200 -mono  -2  -e thy Ibutyra te  -^nono-caproa te 

l^5 

100 

UCON  LB-7QX 

^5 

95 

Trl-n -butyl  aconltate 

45 

95 

Hercoflex  600 

60 

100 

Cong) lex  Ester  A 

75 

140 

TrL-2-ethylhexyl  ester  of  Evanacld  3CS  (l) 

110 

160 

Tri-n-hexyl  ester  of  Evanacld  3CS 

no 

160 

% ^ " " " ”,  9%  Plexol  2kh 

55 

105 

20f,  « H " " « ",  805&  *•  " 

65 

125 

505^  " " It  tt  If  « ^ 505^  «’  " 

90 

145 

(1)  Evanacld  3CS  is  H00C-CH2-CH(C00H)S-CH2-C00H 
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TABIE  59 
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TABIS  60 


HlOITOTIgS  OF  DI-C8  0X0  ADIPATE  (fIJgOL 
Effect  of  Beflnoment 


Treating  Methods  Employed 
on  Plastlclier  Grade 
dl-C8  Oxo  Adipate  (Plexol  ^hk) 

Properties 

Neu^!*all£atlon  Ho,,  mg,  KDH/ffn, 

Viscosity,  cs.  § 210*y. 

••  »»  100*F. 

••  " A0*7. 

" ” -65*F. 


ASTM  Slope,  210/1001-. 

- **  , 210/.1*OT, 

Viscosity  Index 
Hardinan  & Hissan  V.I. 

Plash  Point,  *F. 

Eire  Point,  •?. 

Vapor  Pressure  at  i^00*P.,  xm. 
Viscosity/Volatlllty  Index 

Pour  Point,  *P. 

Melting  Point,  •p. 

Cloud  Point,  *F, 

Oxidation  Stahl lity  at 
Stable  Life,  Hrs. 

Neut.  No.  Increase  After  48  Hrs. 

Thermal  Stability  at  39g^F- 
Neut.  No.  Increase 
Decomposition,  ^ 


5-95^^  Heart  Cut 

% Bemoved 

5-95jt  Heart  Cut 

From  Distillation 

hy  Vacuum 

From  Vacuum 

Treated  With 

None 

Distillation 

Animal  Charcoal 

0.14 

0.12 

0.02 

0.02 

2.824 

2.825 

2.824 

2.818 

10.11 

10.08 

10.09 

10.02 

1075 

1085 

1131 

1070 

6725 

6800 

6750 

6725 

0.724 

0.722 

0.723 

0.720 

0.736 

0.735 

0.739 

0.735 

142 

143 

142 

144 

151 

151 

151 

152 

380(1) 

400 

415 

4lo(l) 

450(1) 

470 

460 

450 

2.7(1) 

2.9 

3.0 

2.6 

458 

455 

452 

46l 

<-75 

<-75 

<-75 

WNC(2) 

WC(2) 

WNC(2) 

WNC{2) 

<-80 

-42 

<-70 

-34 

85(1) 

75 

72 

80 

0.86(1) 

0.68 

0.57 

0.59 

0.13(1) 

0.05(1) 

0.19 

0.06 

0.19(1) 

0.06(1) 

0.18(1) 

0.06(1) 

(1)  Average  of  more  than  one  determination. 

(2)  Would  not  crystallize  after  15  hrs.  at  “94®F. 
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APPENDIX  II  B FIGURES 
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FIGURE  1. 
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WATER  SEPARATED  . % OF  THEORETICAL 


FIGURE  2, 
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so  "J.  Ofr  -®>  AilSOOSIA 


FIGURE  3 


CARBON  ATOMS  IN  MOLECULE 
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PRESSURE  . MM.  OF  HG 
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VAPOR  PRESSURE  . MN.  OF  HG. 
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VAPOR  PRESSURE  . MM.  OF  HO. 
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VAPOR  PRESSURE.  MM.  OF  HG. 


TEMPERATURE.  • F.  FIGURE  9 
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VAPOR  PRESSURE.  MM  OF  H6. 


TEMPERATURE.  *F.  FIGURE  11 


t+230 

85 
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VAPOR  PRESSURE  , HM.  OF  HG. 


I + 230 
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VAPOR  PRESSURE  <?*  400  •F.,  NM.OFHG. 


FIGURE  13 
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EVAPORATION,  WT.  % 
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EVAPORATION,  WT  % AFTER  I HOUR  AT  392  'F 


FIGURE  15 
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FIGURE  16 
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EFFECT  OF  SURFACE-ACTIVE  INCREMENTS  ON  FAILURE  LOAD  IN  SAE-SOD  LUBRICANT  TEST 


FIGURE  17 
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0 CS.  AT  210*  F.  3.4  CS.  AT  210*  F.  5.0  CS.  AT  210 

LUBRICANTS LUBRICANTS  LUBRICANTS 


CORRELATION  OF  LOAD  CARRYING  ABILITY  IN 
SAE-  SOD  VS  lAE  GEAR  MACHINE  TEST 


.FIGURE  18 
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MACHINE  FAILURE  LOAD,  LBS 


SAE-SOD  FAILURE  LOAD  WITH  SOLD.  RUN-IN.  POUNDS 
(WITH  U TEST  CUPS  AND  "B"  AND  "C"  TEST  CUPS  T 


FIGURE  19 


I 


CORRELATION  OF  FAILURE  LOAD 
IN  SAE-SOD  TEST 


USING  DIFFERENT  LOADS  DURING  RUN-IN 
AND  TEST  CUPS  FROM  DIFFERENT  BATCHES 


200  400  600  800  10 
SAE-SOD  FAILURE  LOAD  WITH  *‘B”AND  “C’  CUPS 
AND  200  LB.  RUN-IN.  POUNDS 
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EFFECT  OF  SHAFT  SPEED 
ON  FAILURE  LOAD  IN  SAE  MACHINE 


FIGURE  20 
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0001 


ON  FAILURE  LOAD  IN  SAE  MACHINE 


riGURE  21 
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AVERAGE  LOADING  RATE  , LBS.  / MIN. 


LOADING  SCHEDULE  ON  FAILURE  LOAD 


FIGURE  22 
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EFFECT  OF  LOADING  SCHEDULE  ON  FAILURE  LOAD 
IN  SAE  MACHINE 

LUBRICANT  STHTHETIC  B-15 


FIGURE  m 
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ELAPSED  TIME  , MINUTES 


figure  24 
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TdTAL  ELAPSED  TIME.  MINUTES 


APPENDIX  III 


FIFTH  QUARTERLY 
PROGRESS  REPORT 


101 


WADG  TR  55-SS 


I.  DISCUSSION 


Evaluation  of  materials  suitable  as  synthetic  lubricants  has 
continued  along  the  lines  pursued  during  the  first  year’s  work  under 
this  contract.  Data  on  several  of  the  important  lubricant  properties 
have  been  expanded  and  are  discussed  in  the  following  sections.  As  in 
the  past,  materials  for  evaluation  which  could  not  be  procured  from 
commercial  suppliers  were  synthesized  in  the  laboratory.  Details  of 
this  phase  of  the  work  are  not  presented,  since  the  laboratory  prepara- 
tion and  treatment  of  esters  has  been  discussed  generally  in  previous 
reports . 

A.  Viscosity  and  Volatility  Studies 

The  viscosity  of  a material  at  low  temperatures  and  its  vola- 
tility at  hl^  temperatures  may,  for  some  applications,  determine  the 
operating  temperature  range  of  this  material  as  a lubricant.  MinereJ. 
oils  do  not  have  particularly  good  viscosity -volatility  properties.  In 
this  and  several  other  respects,  they  do  not  meet  the  severe  lubrication 
requirements  of  hl^  power-output  aircraft  turbo -engine s . Consequently, 
emphasis  has  shifted  to  synthetic  lubricants  for  such  applications. 

Because  of  its  impoirtance,  the  viscosity-volatility  concept  has  received 
considerable  attention  in  these  synthetic  lubricant  studies. 

Flash  point  determinations  are  subject  to  certain  errors  but 
are  useful  in  describing  approximate  volatility  levels.  Flash  point  is 
likely  to  reflect  the  presence  of  a small  qviantity  of  volatile  conteuni- 
nant  rather  than  the  volatility  of  the  lubricant  Itself.  This  point  is 
Illustrated  in  Appendix  II  figure  5,  vhich  has  been  revised  from  earlier 
reports.  The  correlation  of  vapor  pressure  emd  flash  point  for  the  esters 
studied  in  this  work  gives  son»  badly  scattered  points.  This  is  Improved, 
however,  if  wo  distinguish  between  materials  procured  commercially  and 
those  prepared  in  the  laboratory.  The  esters  prepared  in  the  laboratory 
are  distilled,  so  the  volatile  impurities  are  essentially  removed.  Esters 
sold  as  plasticizers  undoubtedly  do  not  receive  this  careful  treatment. 

The  difference  between  a distilled  emd  a commercial  ester  does  not  appear 
in  vapor  pressure  results,  since  the  method  used  is  designed  to  eliminate 
the  effect  of  volatile  impurities.  However,  the  difference  does  show  up 
in  flash  point  determinations.  The  effect  of  these  impurities  has  been 
confirmed  for  one  commercial  ester.  Distillation  of  Plexol  24k  (di-Cg 
Oxo  adipate)  caused  a significant  increase  in  flash  point  but  did  not 
change  the  vapor  pressure.  This  will  be  discussed  f\irther  in  Section 
I — E,  It  is  this  effect  which  causes  the  experimental  data  in  Figure  5 
to  fit  two  distinct  lines  better  than  a single  line.  There  is  still  con- 
siderable scattering  of  the  points.  This  is  believed  to  be  largely  due  to 
the  Inherent  inaccuracies  of  flash  point  determinations. 
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The  vapor  pressure  data  have  been  expanded  to  cover  a number 
of  additional  esters.  The  vapor  pressure -temperature  relationships  for 
these  materials  are  plotted  in  the  manner  described  in  earlier  reports 
in  Appendix  II  Figures  9,  10,  11,  & 12,  A full  description  of  the  vapor 
pressure  apparatus  and  method  used  is  presented  in  Appendix  IIIA.  As 
mentioned  previously,  an  important  feature  of  this  method  is  the  distilling 
off  of  an  initial  portion  of  the  sample  to  avoid  errors  due  to  volatile 
contaminants.  This  method  may  also  lend  itself  to  determination  of  the 
thermal  stability  of  the  sample.  The  vapor  pressure -temperature  lines  in 
Figures  9,10,  11,  & 12  are  extrapolated  as  straight  lines.  However,  in 
the  several  cases  shown  where  data  have  been  obtained  at  high  temperatures, 
the  lines  curve  upward  indicating  thermal  break-down  to  more  volatile 
materials.  More  data  over  an  extended  temperature  range  are  necessaiy  be- 
fore this  test  can  be  relied  on  as  an  indication  of  thermal  stability. 

Of  interest  in  Figure  9 are  the  vapor  pressure  data  on  Complex 
Ester  B.  As  described  in  previous  ire ports,  this  material  was  prepared 
in  the  laboratory  to  give  the  structure  — 

(Cg  Oxo  alcohol) (adipic  acid) (tripropylene  glycol) 

(adipic  acid)(C3  Oxo  alcohol). 

Vapor  pressure  data  were  also  reported  previously  for  a similar  materieO., 
Complex  Ester  A,  having  a Polyethylene  Glycol  200  center  esterified  with 
sebacic  acid  and  terminated  with  2-ethylhexanol.  The  vapor  pressures of 
these  complex  esters  are  higher  than  would  be  predicted  for  molecules  of 
this  size.  These  results  tend  to  confirm  the  suspicion  that  "complex 
esters",  even  when  carefully  synthesized  in  the  laboratory,  may  be  ex- 
pected to  contain  major  amounts  of  side-reaction  pjroducts.  The  data  summa- 
rized below  indicate  that  the  simple  diester  of  the  dibasic  acid  involved 
is  likely  to  be  formed  and  have  considerable  effect  on  the  vapor  pressure 
of  the  "complex  ester". 


Material 

Ntimber  of 
Carbon  Atoms 

Vapor  Pressure 
mm.  @ k00°F. 

Complex  Ester  A 

4k 

Di-2-ethylhexyl  sebacate 

26 

0.78 

Complex  Ester  B 

37 

3.1 

Di-C3  Oxo  adipate 

22 

3.0 

The  viscosity-volatility  properties  of  synthetic  lubricants 
can  be  described  conveniently  witti  reference  to  an  «urbitrarily  chosen 
index,  used  in  previous  work  luader  this  contract.  The  viscosity -volatility 
index  is  defined  as  the  difference  between  the  boiling  point  of  the  material 
at  2 mm.  vapor  pressure  and  the  temperatvire  at  which  it  will  thicken  to 
10,000  cs.  viscosity.  This  temperature  difference  may  have  some  practical 
significance  as  an  indication  of  the  acceptable  operating  temperature  range 
possible  with  the  lubricant.  It  has,  however,  an  important  shortcoming. 
Viscosity -volatility,  as  described  by  this  temperature  difference. 
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varies  appreciably  with  viscosity,  as  shown  in  previous  reports.  Com- 
parisons involving  this  index  must  therefore  be  made  with  some  common 
viscosity  level  in  mind. 

Viscosity-volatility  is  one  of  the  major  properties  in  which 
ester  lubricants  have  been  shown  to  excel  over  mineral  oils.  However, 
it  is  of  importance  to  note  that  esters  do  not  represent  the  top  of  the 
scale  with  respect  to  this  property.  Studies  by  the  California  Research 
Corporation  under  Contract  AF  33(038)-9631  have  shown  that  certain  tetra- 
alkyl  silicates  have  superior  viscosity- volatility  properties,  as  well  as 
outstanding  viscosity-temperature  properties.  Furthermore,  they  are  sus- 
ceptible to  thickening  and  V.I.  improvement  by  the  addition  of  silicone 
polymers.  There  may  be  problems  connected  with  certain  other  properties 
of  silicates,  but  if  these  are  solved,  silicate-base  materials  may  represent 
an  alternate  means  of  increasing  the  availability  of  synthetic  lubricants . 

Since  information  on  organo- silicon  compounds  was  not  included 
in  the  initial  literature  survey  conducted  \mder  this  contract,  data  on 
tetra-2-ethylhexyl  silicate,  taken  from  California  Research  Corporation 
reports,  are  compared  in  the  following  table  with  similar  data  on  a typical 
diester,  di-2-ethylhexyl  adipate,  and  a Grade  lOlO  mineral  oil.  All  three 
materials  have  similar  viscosities  at  210°F.,  but  the  viscosity-volatility 
index  is  appreciably  poorer  for  the  mineral  oil  than  for  either  of  the 
synthetic  materials.  The  superiority  of  the  silicate  over  the  adipate  is 
reflected  in  the  lower  vapor  pressure  and  lower  viscosity  at  low  tempera- 
tures. If  higher  viscosity  is  required  for  satisfactory  lubrication,  the 
silicate  can  be  thickened  with  silicone  polymer  to  give  about  the  same  vis- 
cosity at  -65*’F.  as  the  adipate,  but  much  higher  viscosity  at  high  tempera- 
tures. Assviming  the  vapor  pressure  of  the  silicate -silicone  blend  remains 
the  same  as  the  base  fluid,  (it  may  actiaally  decrease),  the  viscosity- 
volatility  index  of  the  blend  is  still  better  than  that  shown  by  the  adipate. 

Viscosity-Volatility  Properties 


Viscosity,  Vapor  Viscoslty- 

cs.  @ °F.  Pressure,  Volatility 


Material 

■sii 

mm.  @ 400°F. 

Index , “F 

MIL-0-6081  Mineral  Oil, 
Grade  lOlO 

2.5^ 

2500 

* 

311 

Di-2-ethylhexyl  adipate 

2.36 

833 

4920 

3.1 

455 

Tetra-2-ethylhexyl  silicate 

2.36 

260 

1320 

1.3 

506 

Tetra-2-ethylhexyl  silicate 
+ 105^  diethyl  silicone 

(80,000  cs.  @ 77°F.) 

8.69 

1250 

4675 

(1.3) 

(U85) 

Among  carboxylic  acid  esters,  the  diesters  of  dibasic  acids  were 
shown  in  previous  work  to  have,  generally,  the  best  viscosity -volatility 
properties.  There  are  now  indications  that  certain  types  of  diesters  may 
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be  better  than  others.  It  appears  that  esters  of  short,  straigh1>-chain 
(C^,  Cj)  dibasic  acids  have  poorer  viscosity^olatillty  characteristics 
than  those  of  longer  chain  acids  (C^— Ciq)  vdien  compared  at  a given  vis- 
cosity level.  Although  extensive  vapor  pressure  data  on  maleates 
succinates  (C^),  and  glutarates  (C^)  have  not  actually  been  obtained  in 
this  work,  it  is  possible  to  estimate  vapor  pressures  (using  Appendix  ll 
Figure  13)  from  the  flash  points  given  in  literature  for  several  of  these 
materials.  The  viscosity^olatility  index  can  then  be  determined  as  it 
is  for  the  many  adipates,  azelates,  and  sebacates  evaluated  in  this  pro- 
gram, When  this  index  is  plotted  against  viscosity  at  — 40°F.,  as  in 
Appendix  I,  Figure  26,  the  effect  of  acid  chain  length  can  be  illustrated. 
Although  the  correlations  for  the  maleates,  succinates,  and  glutarates  80*e 
based  on  just  two  or  three  points  each,  the  data  6ire  firm  enough  to  be 
directionally  correct.  They  indicate  that,  for  a given  viscosity  at  — 40®F., 
as  the  acid  chain  length  of  the  ester  increases,  volatility  decreases  faster 
than  low  temperature  viscosity  increases,  thus  improving  ttie  viscosity- 
volatility  indix.  The  effect  becomes  less  and  less  pronounced,  until  be- 
tween the  C9  and  Ciq  acid  chain  lengths  there  appears  to  be  no  difference. 
This  phenomenon  is  illustrated  in  the  following  table,  summarizing  the 
data  in  Figure  26  at  the  common  viscosity  of  1000  os,  at  — 40®F. 


Viscosity— Volatility  — Effect  of  Acid  Chain  Length 

For  an  Ester  of  1000  cs.  Viscosity  at  

Azelates  and 

Maleates  Succinates  Glutarates  Adipates  Sebacates 
C." ^ 15 C,;  Gy  and 

Viscosity- 

Volatility  Index,  ®F.  391  417  443  462  477 

On  the  basis  of  this  theory,  the  development  of  a disster  lubri- 
cant with  given  viscosity  requirements  should  favor  where  possible  the 
longer  chain  acids,  (and  consequently  lower  moleculeir  weight  alcohols), 
for  best  viscosity-volatility  properties.  However,  as  other  literatiore 
data  show,  this  can  be  carried  too  far,  since  esters  with  extremely  short- 
chain  terminal  groups  generally  have  high  melting  points.  Moreover,  esters 
can  never  be  chosen  on  the  basis  of  viscosity— volatility  alone.  Among  other 
criteria,  availability  is  of  prime  importance,  and  adipic,  sebaclc,  and 
azelaic  acids  (in  that  order)  have  been  shown  to  be  potentially  the  most 
available  of  the  dibasic  acids.  Fortunately,  the  esters  of  these  acids,  as 
seen  above,  are  in  the  upper  viscosity— volatility  range. 

It  has  been  previously  postulated  that  the  viscosity— volatility 
properties  of  dibasic  acid  diesters  could  be  improved  through  the  use 
of  structures  having  the  optimum  degree  of  branching.  As  an  example, 
mono-C3  Oxo— momo— n-hexyl  adipate  was  shown  to  have  lower  viscos- 
ity but  a higher  flash  point  than  di— Gg  Oxo  adipate.  Flash  points  were 
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the  only  indication  of  volatility  available  at  the  time.  However,  as 
pointed  out  previously,  flash  points  are  subject  to  large  errors,  parti- 
cularly when  the  esters  evaluated  have  not  all  been  refined  to  the  same 
degree.  It  is  not  surprising,  therefore,  that  this  picture  is  revised 
somewhat,  in  the  li^t  of  more  recent  vapor  pressiire  data.  The  following 
table  suimarizes  the  viscosity-volatility  data  which  are  based  on  vapor 
pressures.  The  viscosity -volatility  index  is  not  shown,  since  it  is  mis- 
leading when  coi&potmds  of  significantly  different  viscosity  levels  are 
compared.  Di-Cs  Oxo  adipate  is  more  visco\xs  than  di-2-ethylhexyl  adipate 
but  has  a slightly  lower  vapor  pressure,  so  that  these  materials  are  con- 
sidered to  have  about  equivalent  viscosity -volatility  properties.  The 
mixed  ester,  mono-Cg  Oxo -mono -n -hexyl  adipate,  having  less  branching, 
appears  less  volatile  them  these  plasticizer-grade  diesters  on  the  basis 
of  flash  point.  However,  it  is  more  volatile  on  the  basis  of  vapor  pressure 
determinations,  since  they  do  not  recognize  the  presence  of  minor  contami- 
nants in  the  plasticizers.  Also,  it  is  insufficiently  branched  to  prevent 
ciystallization  at  -65"P.  Substitution  of  2-ethylbutanol  for  n-hexanol  in 
the  mixed  ester  gives  enough  branching  to  avoid  low  temperature  difficulties. 
But  this  branching,  in  ttam,  increases  the  vapor  pressure.  Therefore,  the 
combination  of  viscosity  and  volatility  obtained  with  mono-Cg  Oxo-mono-2- 
ethylbutyl  adipate  actually  represents  little  improvement  over  that  shown 
by  di-Cg  Oxo-  or  dl-2-ethylhexyl  adipate.  In  fact,  this  mixed  ester  matches 
almost  exactly  the  properties  of  di-sec.  amyl  sebacate,  when  flash  points 
are  ignored. 


VlBcosity-Volatili-ty  Properties  of  Diesters 


Compo\aid 

Di-2-ethylhexyl  adipate 
Dl-Cg  Oxo  adipate 
Cg  Oxo,  n-hexyl  adipate 
Cg  Oxo,  2-ethylbutyl  adipate 
Di-sec.  amyl  sebacate 


Viscosity, 

Vapor 

cs 

. @ ”F 

Flash 

Pressure, 

210 

-4o 

-65 

Pt..  »F. 

mm.  @ 400’’F 

“533 

4920 

395 

3.1 

2.79 

lo4o 

6460 

385 

2.6 

2.34 

456 

Cryst. 

4oo 

3.8 

2.28 

532 

2830 

390 

6.0 

2.27 

528 

2970 

375 

6.4 

The  above  data  Illustrate  that  the  structiires  obtained  in  diesters 
which  utilize  available  alcohols  such  as  Cg  Oxo  or  2-ethylhexyl  contain  very 
nearly  the  optimum  degree  of  branching  already.  It  is  difficult  to  improve 
their  properties  by  the  mixed  ester  route.  These  data  also  show  that  flash 
point  may  be  misleading  in  comparisons  of  this  sort. 


Esters  having  polyhydric  alcohol  centers  may  also  be  of  interest 
as  a means  for  increasing  the  availability  of  synthetic  lubricants.  Parti- 
cularly promising  are  the  esters  having  polypropylene  glycol  centers 

G C 

I I 

^0  - C - C (0-C  0^  emd  stral^t  chain  mono-basic  acid  terminal 
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groups.  Materials  of  this  structure  have  properties  which  match  those 
attainable  with  dibasic  acid  diesters.  On  the  other  hand^  esters  having 
polyethylene  glycol  centers  seem  to  require  branched  chain  terminal  groups 
for  satisfactorily  low  melting  points,  and  these  materials  are  markedly 
inferior  to  the  dibasic  acid  esters.  The  superiority  of  the  propylene 
glycol  over  the  ethylene  glycol  esters  is  attributed  to  the  position  of 
the  branching.  It  appears  that  the  branching  necessary  to  give  low  melting 
point  glycol  esters  is  least  detrimental  to  viscosity-volatility  and  vis- 
cosity-temperature properties  when  it  is  present  neeir  the  center  of  the 
molecule,  rather  than  at  the  ends. 

Dlpropylene  glycol  di-n-octanoate  has  about  the  same  viscosity 
at  210®F.  as  dl-2-ethylhexyl  adipate.  Although  its  vapor  pressure  is 
somewhat  higher,  its  low  temperature  viscosity  is  lower,  thus  giving  vis- 
cosity-volatility properties  which  at  least  match  those  of  the  adipate. 
Triethylene  glycol  di-2-ethylhexanoate,  having  also  about  the  same  vis- 
cosity at  210'’F.  as  these  materials,  has  a lower  vapor  pressure  but,  be- 
cause of  a lower  V.I.,  has  much  higher  low  temperature  viscosity.  Thus, 
this  compound  actually  has  poorer  viscosity-volatility  propeirties  than 
either  the  adipate  or  the  propylene  glycol  ester. 

Viscosity-Volatility  Properties  - Glycol  Diesters 


Viscosity,  Vapor 

cs.  @ °F.  Pressure, 


Compoxmd 

210 

-40 

mm.  @ 400°F 

Di-2-ethylhexyl  adipate 

27!^ 

4920 

3.1 

Dipropylene  glycol  di-n-octanoate 

2.37 

647 

3405 

3.8 

Trietlylene  glycol  di-2-ethylhexemoate 

2.35 

1830 

16,260 

2.3 

Di-Cg  Oxo  adipate  and  tri propylene  glycol  di-n-octanoate  show 
a similar  comparison.  In  this  case,  the  low  temperature  viscosities  are 
about  equivalent,  but  the  glycol  ester  has  a lower  vapor  pressure,  re- 
sulting in  slightly  better  viscosity-volatility  properties.  Tetraethylene 
glycol  dl-2-ethylhexanoate,  again  because  of  poor  viscosity-temperature 
properties  and  the  resulting  high  viscosity  at  low  temperatures,  is  in- 
ferior to  both  these  materials  in  viscosity -volatility.  Evidence  of  ex- 
cessive branching  exists  in  tripropylene  glycol  di-2-ethylhexanoate.  This 
material  has  very  poor  viscosity-temperature  properties,  and  it  is  too 
unstable  thermally  to  allow  a satisfactory  vapor  pressure  determination 
to  be  made. 


(Data  on  following  page) 
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Viscosity-Volatility  Properties  - Glycol  Dlesters 


Viscosity,  Vapor 

cs  @ °F.  Pressure, 


Compound 

210 

-40 

-65 

mm.  @ 400' 

D1-C0  Oxo  adipate 

2.79 

1040 

6460 

2.6 

Tripropylene  glycol  di-n-octanoate 

2.76 

1040 

7000 

1.75 

Tetraethylene  glycol  di-2-ethylhexanoate 

2.81 

2980 

30,980 

1.3 

Tripropylene  glycol  di-2-ethylhexanoate 

2.64 

3840 

42,670 

unstable 

The  viscosity  level  of  these  glycol  esters  can  he  varied  by 
changing  the  size  of  either  the  glycol  or  the  mono-basic  acid  employed. 
However,  for  the  best  combination  of  properties  It  appears  that  the  center 
of  the  ester  should  be  a propylene  glycol.  In  which  case  the  terminal  groups 
must  be  strai^t  chain.  As  another  example,  at  a lower  viscosity  level,  a 
satisfactory  ester  can  be  made  from  tripropylene  glycol  and  caproic  acid 
(normal  C5).  This  material  is  only  slightly  inferior  to  di-sec.  amyl 
sebacate . 


VlBceslty-Volatlllty  Properties  - Glycol  Dlesters 


Viscosity,  cs. 

@ “F. 

Compoimd 

210 

-40 

Dl-sec.  eunyl  sebacate 

2.27 

5^ 

2970 

Tripropylene  glycol  di-caproate 

2.13 

591 

3570 

Vapor 
Pressure, 
mm.  © 1(-00‘’F. 

6.3 


On  the  basis  of  these  results,  there  would  be  little  or  no  degra- 
dation in  viscoslty-temperatxire  or  viscosity-volatility  properties  if  a 
dibasic  acid  ester  were  replaced  in  a lubricant  formulation  by  a poly- 
propylene  glycol  ester.  There  are,  of  course,  other  properties  to  be  con- 
sidered before  these  materials  can  be  regeirded  as  an  alternate  supply  source 
in  the  synthetic  lubricant  field.  However,  one  expected  drawback  may  be 
lees  serious  than  anticipated.  The  thermal  stability  of  the  propylene 
glycol  esters,  viewed  with  some  doubt  because  of  their  secondary  hydroxyl 
linkages,  is  surprisingly  good  up  to  392‘’F.  This  will  be  discussed  further 
in  Section  I — D,  Other  important  properties  of  these  esters  have  not  yet 
been  thoroughly  evaluated,  but  serious  deficiencies  are  not  expected. 
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B.  Low  Temperature  Studies 


Low  temperature  viscosity  and  the  persistence  of  the  liquid 
state  at  low  temperatures  are  important  properties  of  a synthetic  lubri- 
cant, if  it  is  to  perform  Satisfactorily  in  cold  climates  «r  at  high 
80.titude.  Evaluation  of  the  latter  of  these  properties  is  difficult  be- 
cause of  the  tendency  of  esters  to  super-cool  (sometimes  i).  Pour  point 
determinations  are  therefore  not  reliable,  and  melting  points,  of  course, 
can  only  be  determined  when  the  ester  can  be  induced  to  crystallize. 

Methods  for  freezing  these  materials  are  being  investigated.  However, 
some  esters  have  frozen  when  stored  at  — 94®F.  for  15  hours.  Melting 
points  have  been  obtained  on  these  compounds  and  are  presented  along  with 
some  other  low  temperature  properties  in  Appendix  II  Table  42. 

Because  of  the  limited  nature  of  the  melting  point  data  available 
to  date,  specific  conclusions  regarding  the  effect  of  ester  structure  on 
this  property  are  not  possible.  Several  generalizations  have  already  been 
made  in  previous  reports.  It  was  fotuid  that  esters  utilizing  C9  Oxo  alcohol, 
produced  by  the  Oxo  process  from  diisobutylene  (giving  predominantly  3,5,5— 
trimethylhexanol),  are  generally  high  melting.  The  same  is  true  of  secondary 
alcohols,  such  as  sec.  hexyl  or  capryl  alcohol,  although  di— sec.  amyl 
sebacate  is  quite  low  melting.  With  reference  to  some  melting  point  data 
reported  in  the  literature,  one  further  generalization  is  possible.  The 
effect  of  ether-dxygen  linkages  in  lowering  the  melting  point  can  be  seen 
in  the  table  below.  Di— butyl  Cellosolve  adipate,  a straight  chain  diester 
containing  two  ethei>-oxygen  atoms  and  the  same  number  of  carbon  atoms  as 
di-n— butyl  sebacate,  has  a significantly  lower  melting  point  than  the 
sebacate.  Similarly,  tetraethylene  glycol  di-oaproate  is  better  than 
butanediol— l,4“di“^>-octanoate.  Other  structural  differences  in  these 
compounds  may  also  accotmt  for  some  of  the  difference  in  melting  points,  but 
the  ethei>-oxygen  atoms  are  believed  to  be  chiefly  responsible. 


Compound 

Number  of 
Carbon  Atoms 

Meltine  Point.  ®F 

Di-n-butyl  sebacate* 

18 

+20 

Di-butyl  Cellosolve  adipate 

18 

- 3 

Butaned iol— 1 , 4-^  i-o-oc tanoate* 

20 

+55 

Tetraethylene  glycol  di— caproate 

20 

+ 1 

Along  with  low  melting  points,  it  is  desirable  for  synthetic 
lubricants  to  e^diibit  low  viscosities  at  low  temperatures.  This  character 
istic  is,  of  course,  involved  in  the  viscosity-temperature  and  viscosity- 
volatility  properties  of  the  lubricant.  However,  another  factor  may  be 
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important.  Certain  esters  have  been  shown  in  previous  reports  to  deviate 
noticeably  at  low  temperatvires  from  the  linear  viscosity-temperature  re- 
lationship usually  obtained  on  an  ASTM  chart  for  other  esters.  Grenerally 
speaJcing,  diesters  containing  ether-ozygen  linkages  and  diesters  produced 
from  Oxo  alcohols  give  undesirable  upward  cxirvature  at  low  temperatures; 
"dense  center"  materials  such  as  phthalates  or  pentaerythritol  esters 
give  downward  curvature,  a desirable  deviation.  It  is  felt  that  a study 
of  the  possible  causes  of  this  phenomenon  may  lead  to  a method  for  im- 
proving the  properties  of  those  esters  showing  an  upward  hook. 

The  change  in  ASTM  Slope  from  210/l00“F.  to  SloZ-^O^F.  is  indi- 
cative of  the  magnitude  of  deviation  from  a linear  ASTM  viscosity-tempera- 
ture relationship.  Slope  changes  for  a nuniber  of  esters  are  presented  in 
Appendix  II, Table  42,  There  was  reason  to  believe  that  the  viscosity  hook 
might  be  related  to  the  separation  of  contaminants  as  a second  phase  at 
low  temperatures.  Cloud  points  were  therefore  obtained  on  these  esters 
and  are  also  presented  in  Table  42.  However,  the  cloud  point  data  do  not 
follow  any  understandable  pattern,  and  do  not  correlate  with  change  in 
ASTM  Slope  values.  Some  of  these  cloud  points  imdoubtedly  reflect  the 
presence  of  moisture.  Ho  attempt  was  made  to  diy  the  esters,  since  any 
moisture  was  also  present  during  the  viscosity  determinations.  Beflnement 
of  a sample  of  di-C8  adipate  (Plexol  244)  by  stripping  or  distillation 
seems  to  cause  erratic  changes  in  cloud  point,  but  does  not  affect  the  in- 
crease in  ASTM  Slope.  Based  on  these  results,  it  does  not  appear  that  the 
low  temperature  viscosity  deviations  are  caused  simply  by  the  existance  of 
a contaminant  or  second  phase  at  low  temperatiares . 

There  does  appear  to  be  a xou^  correlation  between  the  change 
in  ASTM  Slope  and  the  melting  point  of  the  ester.  Althou^  the  data  are 
not  firm,  high  melting  esters  generally  seem  to  have  the  largest  Slope 
changes,  while  the  low  melting  materials  have  more  nearly  linear  ASTM 
viscosity -temperature  relationships.  This  suggests  supercooling  as  a 
factor.  In  theory,  however,  truly  supercooled  liquids  are  believed  to 
follow  the  same  principles  of  flow  as  normal  liquids,  i.e.,  those  at 
tenq)eratures  above  their  melting  points.  No  satisfactory  explanation  can 
be  given  for  this  relationship  of  Slope  ^change  and  melting  point.  It  may 
be  due  merely  to  chance.  It  is  illustrated  in  the  following  table,  where 
data,  taken  from  Table  42,  on  two  similar  diesters  of  sebaclc  acid  and  two 
similar  glycol  esters  are  compared.  The  low  melting  sebacate  and  glycol 
ester  show  negligible  change  in  Slope,  while  the  hi^er  melting  esters 
exhibit  considerable  upward  ciirvature.  The  hlc^  melting  point  of  tri- 
propylene glycol  di-n-octanoate  is  particuleurly  difficult  to  imderstand, 
since  branching  and  ether-oxygen  atoms  are  both  present  in  this  molecule. 
But  compared  with  the  low  melting  dipropylene  glycol  ester  of  the  sams 
acid,  it  constitutes  a striking,  though  possibly  coincidental,  example 
of  the  general  relationship  observed  between  malting  point  and  change  in 
ASTM  Slope. 


(Data  on  following  page) 
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Lov  Temperature  Properties 


ASTM  Slope 

Values 

Compoimd 

Melting 
Point  “F. 

210/ 
100 *F. 

210/ 

-R0“F. 

Difference 

Di-sec.  aiDyl  sebacate 
Di-sec.  hexyl  sebacate 

-108 

+10 

0T75S" 

0.732 

0.755 

0.761 

-0.001 

+0.029 

Dipropylene  glycol  di-n-octanoate 
Tripropylene  glycol  di-n-octanoate 

-100 

+7 

0.759 

0.725 

0.756 

0.7^0 

-0.003 

+0.015 
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C.  Oxidation  Stability  Studies 


ProTloiis  work  has  shown  phenothlazlne  to  he  a satisfactory 
oxidation  Inhibitor  for  use  In  a study  of  the  oxidation  stability  of 
▼eurlous  esters.  For  this  evaluation  a laodlflcatlon  of  the  MIL-L-6387 
Oxidatlon/Corroalon  Stability  Test  (3*^7*F.)  is  being  employed.  The 
neutralization  nuniber  of  the  test  sample  is  determined  periodically  until 
a sharp  Increase  in  acidity  occurs.  This  Indicates  the  stable  life  of  the 
material,  under  severe  oxidizing  conditions.  A concentration  of  0.3  wt.  $ 
phenothlazlne  has  been  chosen  for  the  study  of  various  esters  in  this  test. 
This  concentration  appears  to  give  a stable  life  level  at  which  differences 
can  be  shown,  but  does  not  pz^slong  the  tests  to  an  Inconvenient  length. 

A very  Imporrtant  factor  which  must  be  considered  in  this  work 
is  the  effect  of  Impurities  on  oxidation  stability.  Data  reported  by  the 
Petroleum  Bef Inlng  Laboratory  of  the  Pennsylvania  State  College  show  that 
a distilled  grade  of  di-2-ethylhexyl  sebacate  (Inhibited  with  phenothlazlne) 
Is  more  stable  to  oxidation  than  the  less  pure  plasticizer  grade.  This  Is 
confirmed  by  the  results  shown  in  the  following  table,  taken  from  Appendix 
II,  Table  59*  Diffeirences  in  purity  is  also  the  likely  reason  for  the  veuria- 
tlon  in  stable  life  (duplicate  determinations)  between  two  batches  of  di- 
C3  Oxo  adipate  (Plexol  2kk).  An  attempt  was  made  to  remove  impurities 
from  this  commercial  ester  by  conventional  means  to  learn  if  the  oxidation 
stability  could  bo  thus  improved.  Unfortunately,  before  the  difference  be- 
tween the  two  batches  of  this  ester  was  known,  the  better  of  the  two  was 
chosen  for  this  study.  In  this  case,  stripping,  distilling,  or  charcoal 
treating  did  not  improve  stability.  The  stable  lives  of  the  treated 
samples  appear  some^diat  lower  than  the  untreated  ester,  but  these  variations 
may  be  within  the  repeatability  range  of  the  test.  Kot  enough  of  these 
tests  have  yet  been  jrun  to  establish  firmly  what  this  repeatability  range 
might  be . 


Oxidation  Stability  at  3^7°F. 

(Each  Ester  Inhibited  with  0.3  Wt.  <f,  Phenothlazlne) 


Compound  

Dl-2-ethylhe3qrl  sebacate  (Plexol  201) 
Di-2-ethylhexyl  sebeusate  (Plexol  201W) 


D1-Cq  Oxo  adipate  (Plexol  2k4- Batch  I) 
Dl-Co  Oxo  adipate  (Plexol  24k-Batch  II) 

ff  n M It  tf  ti  ri  It 


Befinement 
plasticizer  grade 
distilled  grade 

plasticizer  grade 
plasticizer  grade 
stripped 
distilled 
distilled  + 
charcoal  treated 


Average  Stable 

Life,  Hrs. 


87 

45 

85 

75 

72 

80 
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Data  for  seversLL  other  esters  procxired  from  commercial  suppliers 
are  also  presented  In  Appendix  II,  Table  59.  However,  comparisons  based  on 
these  results  are  not  reliable,  since  significant  differences  in  the  puri- 
ties of  these  materials  may  exist.  It  is  interesting,  however,  that  an 
ester  produced  from  a secondary  alcohol  (di-sec.  amyl  sebacate)  appears 
reasonably  stable  to  oxidation,  at  least  at  this  temperature.  It  is  be- 
lieved that  a comprehensive  sttidy  of  the  oxidation  stablliiy  of  various 
ester  types  will  require  that  each  material  tested  be  first  given  a common 
treatment . 


WADC  TR  53-88 


113 


D.  Thennal  Stabllllgr  Studies 

A yariety  of  esters  have  been  evaluated  In  a thermal  stability 
test.  In  vhlch  the  sample  Is  held  at  392“F.  for  46  hours  In  a nitrogen 
atmosphere.  The  change  In  neutralization  nuniber  oc curing  dxirlng  the 
test  Is  Indicative  of  the  extent  to  which  the  molecule  has  been  thermally 
decomposed.  Originally,  viscosity  change  was  also  measured  In  this  test. 
However,  the  change  In  viscosity  was  generally  quite  small,  except  for 
large  polymers,  which  showed  substantial  viscosity  decreases  due  to 
thermal  break-down.  The  most  recent  thermal  stability  data  are  shown  In 
Appendix  II,  Table  51,  Neutralization  number  Increases  have  been  con- 
verted to  ^ decon^sltlon  by  assmnlng  that  any  Increase  In  acidity  Is  due 
to  the  formation  of  the  acid  ■irtilch  was  originally  esterlfied.  On  this 
basis,  10056  decomposition  would  represent  complete  breedt-down  to  give  the 
stoichiometric  quantity  of  the  orlgliial  acid.  These  assumptions  most 
likely  do  not  depict  what  actually  happens,  but  they  do  provide  a consis- 
tent basis  for  comparison  of  esters  having  known  molecular  weights. 

As  in  the  case  of  oxidation  stabill-ty,  the  quality  or  purity 
of  the  ester  may  have  a marked  effect  on  its  thermal  stability.  Several 
different  samples  of  the  same  two  diesters,  dl-Cg  Oxo  adipate  emd  di-Cg 
Oxo  sebacate,  have  been  eval\iated.  As  shown  by  the  following  data  taken 
from  Table  51»  they  may  vary  considerably  in  their  resistance  to  decompo- 
sition at  392*F.  Presumably  the  Instability  in  certain  cases  is  caused  by 
some  impurity  with  which  the  memufacturers  need  not  be  concerned  when  pro- 
ducing diestem  for  plasticizer  applications.  These  impurities  do  not 
appear  to  show  up  simply  as  residual  acidity  in  the  ester,  since  decompo- 
sition does  not  line  up  with  the  initial  neutmllzation  ntimbers  obtained 
on  these  materials. 


Compound 

Thermal  Stability  Studies 

Initial  Neut . No . 

Neut . No . , Increase , 

mg.  KOH/gm.  mg.  KOH/gm. 

Decomposition 

i : 

D1-Cr  Oxo  adipate 

Plexol  2kh  (Batch  I) 

0.35 

0.17 

0.06 

Plexol  2U  (Batch  II) 

0.14 

0.09 

0.03 

Hardesty 

0.23 

1.43 

0.47 

PX-208 

0.33 

5 >3 

1.8 

D1-Ca  Oxo  sebacate 

HaihieBty  (Batch  I) 

0.70 

1.07 

0.4-1 

Hardesty  (Batch  II) 

0.19 

4.69 

1.8 

PX-Jk)8 

o.4o 

5.86 

2.2 
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As  in  the  case  of  oxidation  stability,  stripping,  distilling, 
or  charcoal  treating  did  not  improve  the  thermal  stability  of  Plexol  2hk 
(Batch  II),  which  was  already  qiiite  good.  This  particular  ester,  as 
pointed  out  before,  was  an  unfortunate  choice  for  these  impurity  removal 
studies.  With  the  data  now  on  hand,  it  appears  that  more  information 
will  be  obtained  by  studying  the  effect  of  impurity  removal  using  am 
ester  such  as  the  particular  sample  of  PX~4o8,  a material  which  appears 
deficient  in  both  oxidation  and  thermal  stability  in  its  present  form. 

Even  when  the  effects  of  impurities  are  taken  into  accoimt,  di- 
basic acid  esters  produced  from  secondary  alcohols  show  a tendency  tOTOrd 
less  stability  than  the  primary  alcohol  counterparts.  Althou^  the  re- 
peatability of  this  thermal  stabilily  test  has  not  been  adequately  determi- 
ned, the  data  shown  in  Table  51  indicate  that  esters  of  sec.  amyl,  sec. 
hexyl,  and  capiyl  (sec.  octyl)  alcohols  imdergo  considerable  degradation. 
Di-capryl  adipate  appears  particxilarly  bad,  giving  nearly  lk%  decomposition. 
It  is  surprising,  therefore,  that  certain  esters  having  polypropylene  glycol 
centers  seem  quite  stable,  despite  the  secondary  hydroxyl  linkages.  Several 
thennal  stability  tests  have  been  run  on  each  of  the  propylene  glycol  esters 
synthesized  in  this  work.  Besults  are  shown  in  Table  5i,  When  2-ethyl- 
hexanolc  acid  is  used,  the  resulting  ester  has  borderline  stability.  This 
has  been  confirmed  in  vapor  pressure  determinations,  where  this  excessively 
branched  type  of  ester  appears  to  decompose  readily.  However,  when  straight 
chain  mono-basic  acids  (caproic,  n-octanoic)  are  enqployed,  the  resulting 
projylene  glycol  esters  have  consistently  shown  good  thermal  stability. 

In  fact,  these  esters  have,  in  several  tests,  shown  a slight  decrease  in 
acidity.  The  reason  for  this  is  not  known,  but  it  may  Indicate  a thennal 
reaction  which  runs  to  completion  rather  than  one  which  produces  acidic 
materials  that,  in  turn,  may  catalyze  further  decomposition. 


\ 
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B.  Effect  of  Impurities  on  Ester  Properties 

Besults  of  this  study,  discussed,  sepcurately  in  preceding  sections 
of  this  report,  are  summarized  in  Appendix  II,  Table  60.  Atten5)ts  vere 
made  to  purify  a sample  of  di-C0  Oxo  adipate  (Plexol  by  conventional 

means  to  determine  vhat  effect  purity  might  have  on  its  properties.  Three 
methods  of  refinement  were  used.  One  sample  was  stripped  under  vacuum  to 
remove  the  first  another  was  distilled  at  reduced  pressure  to  obtain 
® 5"95?^  heart  cut;  the  third  consisted  of  a 5-95^  heart  cut  which  was 
treated  with  animal  charcoal.  The  charcoal,  treatment  has  been  found  quite 
efficient  in  reducing  residual  acidity  of  esters,  and  it  was  desired  to 
learn  if  it  might  provide  some  other  benefits. 

As  disclosed  by  recent  resvilts,  the  particular  sample  of  ester 
chosen  for  this  study  was  already  quite  stable  in  the  untreated  form.  Be- 
flnement  therefore  made  no  significant  improvement  in  stability.  This  is 
not  believed  to  be  a true  indication  of  what  effect  purification  might 
have  on  the  stability  of  an  ester  which  is  initially  poor  in  this  respect. 
Treatment  of  Plexol  2kk  by  these  means  does  result  in  one  change  in  its 
properties  irtiich  bears  remembering.  As  shown  in  Table  6o,  stripping  or 
distilling  this  material  increases  its  flash  point  from  about  380"F.  to 
over  400“F.  However,  the  vapor  pressure  remains  essentially  the  same. 

This  indicates  that  the  vapor  pressure  method  used  in  this  work  succeeds 
reasonably  well  in  minimizing  the  effects  of  the  volatile  contaminants 
idxich  cause  the  flash  point  lowering. 
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APPEHDIX  III  A 


A.  Description  of  Vapor  ft'esBure  Apparatus  and  Method 

1,  Apparatus 

The  general  appearance  of  the  apparatus  Is  shown  In  Figure  27. 
Details  of  the  still  and  related  parts  are  given  In  Figure  28, 

The  specially  designed  still  head  containing  a bullt-ln  auto- 
manometer  Is  patterned  after  the  design  recommended  by  Hickman  and  Weyert(l) 
for  the  accurate  distillation  of  samples  ranging  from  5 to  100  grams. 

The  openings  to  the  bulbs  of  the  column  are  relatively  large  to  minimize 
pressure  drop  of  entering  vapor,  to  allow  excellent  drainage,  and  to  re- 
move superheated  vapors.  The  automanometer  operates  directly  from  the  wall 
of  the  expansion  of  the  column.  The  still  Is  connected  to  a receiver,  a 
cold  trap,  a manometer,  and  a surge  tank  which  In  turn  is  connected  by 
stopcocks  to  a vacuum  pump  and  to  a supply  of  dry  nitrogen.  The  glass 
tubing  connecting  the  various  parts  of  the  apparatus  is  constructed  from 
20  mm.  tubing. 

The  thermometric  system  consists  of  a calibrated  iron-constantan 
thermocouple,  a type  K potentiometer,  and  a suspension  type  galvanometer. 

The  pressure  of  the  permanent  gas  Is  measured  by  means  of  a 
three -scale  McLeod  type  gauge  (Todd  Universal  Vacuum  Gauge  obtained  from 
Todd  Scientific  Company,  Sprin^leld,  Pennsylvania). 

The  Dubrovin  gauge,  while  not  an  essential  part  of  the  apparatus. 
Is  useful  as  a continuous  Indication  of  the  pressure  of  the  system  and  as 
an  aid  while  bleeding  in  the  proper  amount  of  nitrogen  Into  the  system. 

The  still  is  heated  with  a Glascol  heater.  Excessive  bximping 
is  prevented  by  means  of  a magnetic  stirrer. 

For  boiling  points  below  100*0.,  merely  insulating  the  upper 
part  of  the  still  pot  and  column  with  asbestos  is  sufficient  to  minimize 
condensation  so  that  reflux  and  fractionation  may  be  prevented.  For  tem- 
peratures above  100*0.,  heat  should  be  applied  to  the  outside  of  the  upper 
part  of  the  still  pot  and  column  in  an  amount  equal  to  that  lost  by 
radiation. 


2.  Procedure 

The  apparatus  Is  assembled  as  shown  in  Figures  27  & 28.  The 
thermocouple  is  mounted  as  shown  in  Figure  28,  The  glass  sheath  should 
be  coincidental  with  the  center  line  of  the  column,  and  the  tip  of  the 
encased  thermocouple  should  extend  to  the  same  level  as  the  lover  outlet 
of  the  automanometer.  All  stopcocks,  ball  Joints  and  standard  tapered 


(1)  J.  Am.  Chem.  Soc.,  , (1930). 
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FIGURE  27 

GENERAL  APPEARANCE  OF  THE 
VAPOR  PRESSURE- BOILING  POINT  APPARATUS 
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Joints  are  lubricated  with  a thin  film  of  Apiezon  N or  other  suitable 
high  vacuum  type  grease.  The  stopcock  and  ball  Joint  leeiding  from  the 
still  pot  to  the  receiver  should  be  lubricated  with  a silicone  high 
vacuum  grease. 

The  entire  apparatus  is  evacuated  and  tested  for  leaks  by  ap- 
propriate means.  The  system  is  returned  to  atmospheric  pi^ssure  by  ad- 
mitting dry  nitrogen.  Fifty  milliliters  of  the  liquid  under  investigation 
is  then  pipetted  into  the  bottom  of  the  still  into  which  a magnetic  stir- 
ring bar  has  previously  been  placed.  A sufficient  amount  of  the  liquid  is 
added  to  the  automanometer  through  the  top  outlet  in  order  to  set  the  zero 
mark  on  the  sliding  scale  attached  to  the  automanometer.  The  ball  Joint 
is  attached  to  the  top  of  the  still  and  the  thermocouple  is  replaced. 

Stopcocks  1 and  4 are  closed  to  isolate  the  still  and  receiver 
from  the  rest  of  the  apparatus.  The  magnetic  stirrer  is  turned  on  and 
the  dissolved  air  and  moisture  in  the  sample  are  removed  by  evacuating 
through  stopcock  5.  Low  heat  may  be  applied  to  facilitate  their  removal. 

Stopcock  5 is  then  closed  and  the  rest  of  the  apparatus  evacuated 
through  stopcock  4.  The  trap  is  Immersed  in  liquid  nitrogen.  After  closing 
stopcock  4,  an  appropriate  amount  of  dry  nitrogen  to  indicate  a pressure 
of  approximately  1 mm.  on  the  Dubrovln  gauge  is  bled  into  the  system.  The 
still  is  then  connected  with  the  rest  of  the  apparatus  by  opening  stopcock  1. 

Heat  is  gradually  applied  to  the  still  pot  and,  when  the  con- 
densation of  the  liquid  is  visible  in  the  lower  end  of  the  condenser,  it 
is  adjusted  to  a reasonable  boiling  rate.  The  condensate  is  allowed  to 
collect  in  the  annulus  and  flows  back  down  the  column.  The  temperature 
of  the  Jacket  surrounding  the  column  is  adjusted  to  a temperature  about 
10 *C.  below  the  boiling  point  if  it  is  above  100 *C.  As  soon  as  a steady, 
slow  boil-up  rate  has  been  achieved,  simultaneous  readings  are  taken  of 
the  vapor  temperature,  the  pressure  of  the  permanent  gas  by  means  of  the 
McLeod  gauge,  and  the  automanometer  pressure.  Several  sets  of  data  are 
recorded  until  successive  readings  are  essentially  constant.  After 
equilibrium  is  established,  several  milliliters  of  the  condensate  are  re- 
moved into  the  receiver  through  the  side  arm  attached  to  the  annulus. 

This  procedure  serves  to  remove  any  traces  of  low  boiling  condensable 
impurities  present.  The  process  of  recording  the  necessary  data  after 
equilibrium  is  again  established  is  repeated  until  successive  readings 
are  essentially  constant.  For  a pure  substance,  the  two  sets  of  readings 
should  be  practically  Identical. 

For  further  measurements  at  higher  pressures,  the  heating  is  dis- 
continued, and  more  dry  nitorgen  gas  is  charged  into  the  system  to  the 
desired  pressure.  The  whole  process  given  above  is  repeated  at  pressures 
of  2,  ®-nd  4 mm. 
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The  vapor  preesure -temperature  relation  is  obtained  graphically 
by  plotting  the  logarithm  of  the  preesure  ageinst  the  inverse  of  the  ab- 
solute temperature.  All  four  points  should  fall  in  a stiaight  line.  By 
extrapolation,  the  vapor  pressure  at  other  temperatures  can  be  obtained. 

B.  Results  emd  Conclusions 

The  procedure  outlined  above  was  primarily  designed  for  the 
measurement  of  vapor  pressures  and  boiling  points  of  high  boiling  or 
difficultly  volatile  pure  liquids  of’ limited  thermal  stability.  It  uiay 
be  extended  with  modifications  to  Include  mixtures  of  these  types  of  sub- 
stances. However,  the  method  is  also  applicable  to  high  tolling  compounds 
which  are  thermally  stable. 

This  equipment  will  give  reliable  results  between  O.O3  mm.  and 
5 mm.  pressure.  Above  this  range,  accurate  measurements  are  rather  diffi- 
cult to  obtain  due  to  excessive  bumping  and  splashing  and,  below  this 
range,  due  to  the  fact  that  the  random  velocity  is  small  compared  with 
the  forvard  velocity  of  the  vapor  molecules  and  by  the  Interdlffuslon 
between  the  vapor  and  residual  gas. 

If  the  thermometer  is  located  in  the  vapor  phase,  the  vapor, 
although  it  may  be  somewhat  superheated  when  it  is  formed,  soon  cools 
and  condenses.  This  temperature  of  condensation  at  slow  rates  of  dis- 
tillation is  the  true  boiling  point  at  the  prevailing  pressure  when  the 
liquid  is  absolutely  pxire  and  is  also  not  affected  by  bumping  of  the 
liquid. 


The  absolute  accuracy  of  the  procedure  may  be  established  by 
determination  of  the  boiling  points  at  these  low  pressures  of  a rela- 
tively high  boiling  liquid  which  is  thermally  stable  and  by  extrapolation 
of  the  vapor  pressure-temperature  relationship,  the  true  boiling  point  at 
atmospheric  preesure  may  be  calculated.  This  result  can  then  be  compeired 
to  the  beet  literature  data  or  determined.  However,  a strai^t  line  ob- 
tained by  plotting  the  logarithm  of  the  preesure  against  the  inverse  of 
the  absolute  temperatures  is  indicative  of  the  accuracy. 

To  tost  the  accuracy  and  reproducibility  of  this  method,  it 
was  applied  to  the  determination  of  the  vapor  pressure -temperature  rela- 
tionship of  pure  n-dlbutyl  phthalate  by  two  analysts.  The  results  obtained, 
plotted  graphically,  are  shown  in  Figure  29.  By  extrapolation,  the  boiling 
point  at  exactly  1 mm.  pressure  was  found  to  be  1^3 *C.  This  compares 
favorably  with  the  beet  literature  values  of  143®,  1^5*  and  lh4*C. 
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I.  DISCUSSION 


Work  pursued  under  this  contract  has  been  directed  tovard  a 
study  of  the  properties  of  synthetic  lubricants,  in  particular,  the  car- 
boxylic acid  esters.  The  properties  %diich  have  been  investigated  most 
include  the  following: 

1.  Viscosity-temperature 

2.  Viscosity-volatility 

3.  Melting  and  poior  point 

4.  Stability  (oxidation,  hydrolytic,  chemical  and  theirmal) 

5.  Lubrication. 

Those  materieLLs  idiich  have  a good  combination  of  these  properties  are 
considered  to  be  very  promising  lubricants.  However,  other  more  specific 
properties  may  also  be  necessary  depending  upon  the  service  to  which  the 
lubricants  are  to  be  subjected.  This  study  has  dealt  prinarily  with  the 
evalviation  of  materials  suitable  as  components  or  bases  for  synthetic 
lubricants.  No  attempts  have  been  made  to  formulate  finished  blends. 

The  work  has  continued  along  the  lines  discussed  in  earlier  reports.  A 
large  nijmber  of  known  and  commercial  synthetic  esters  have  been  evaluated. 
Data  on  most  of  the  important  lubricant  properties  mentioned  above  have 
been  enlarged  and  several  types  of  esters,  which  the  literature  indicates 
to  be  promising,  have  been  synthesized  to  determine  their  relative  position 
in  this  field.  The  results  obtained  during  this  quarter, and  concerned 
mainly  with  expanding  existing  data  on  esters  containing  ether  oxygens  and 
esters  of  the  dense  center  type, are  discussed  in  the  following  sections. 

A.  Viscosity -Temperature  Characteristics 
and  General  Properties 

The  physical  properties  of  all  ester  materials  either  purchased 
from  commercial  suppliers  or  synthesized  in  the  laboratory  and  evaluated 
since  the  first  ye€u*ly  report  are  presented  in  Appendix  II  Tables  38  & 39, 
The  viscosity-temperature  relationships  are  shown  over  the  range  of  210  to 
-65“F.  by  ASTM  slope.  Dean  and  Davis  V.I.,  and  Hardiman  and  Nissan  V.I. 

This  latter  V.I.  system(l)  gives  a more  realistic  picture  of  viscosity- 
temperature  properties  by  avoiding  the  irregularities  normally  experienced 
at  hlgb  V.I.  levels  when  the  Dean  and  Davis  V.I.  system  is  used.  Other 
general  data  to  be  found  in  Tables  38  & 39  and  discussed  in  the  following 
paragraphs  include  neutralization  numbers,  flash,  fire,  povir,  melting  points, 
and  vapor  pressure  data. 


(1)  Hardiman  and  Nissan,  J.  Inst.  Petroleum  Tech. , 31,  255(19^1). 
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1.  Monoeaters  Containing  Ether  Oxygen 


Synthetic  lubricants  having  extremely  lov  viscosities  can  be 
made  from  monoeaters.  These  may  find  use  as  special  aircraft  instrument 
oils,  vhere  low  viscosity  and  low  volatility  along  with  moderately  good 
high  temperature  properties  are  required.  Monoesters  could  also  find 
application  where  mechanical,  lag  or  sight  glass  fogging  are  problems,  as 
well  as  in  hydraulic  fluids  and  as  bases  for  low  temperature  greases. 

Earlier  work  on  monoesters  described  in  the  literature  showed  that  ex- 
cessive branching  gave  poor  viscosity-temperature  characteristics  and  high 
volatility  (low  flash  points),  whereas  no  branching  presumabUy  gave  high 
melting  materle0.s.  The  optimum  degree  of  branching  was  found  to  be  ob- 
tained when  only  one  portion  of  the  ester  was  branched  — either  the  alcohol 
portion  or  the  acid  portion,  but  not  both.  Furthermore,  the  to  C13 
materials  with  their  ester  group  near  the  center  of  the  molecule  showed  the 
best  monoester  properties. 

When  similar  monoesters  are  made  from  alcohols  containing  ether 
oxygen  atoms  (i.e.,  Carbitols,  Dowanols,  etc.)  poorer  viscosity -temperature 
characteristics  result.  As  shown  in  Appendix  Table  38  and  in  the  siunmary 
table  below,  isopropoxyethoxyethyl  n-octanoate  (Dowanol  I8  n-octanoate)  is 
not  sufficiently  branched  to  give  a satisfactory  low  pour  point.  The  2- 
ethylbutoxyethoxyethyl  caproate  (2-ethylbutyl  Carbltol  caproate),  on  the 
other  hand,  having  the  same  210®F.  viscosity  does  have  sufficient  branching 
to  give  a very  low  po\ir  point.  In  viscosity-temperature  properties  these 
oxy  esters  are  neeurly  equivalent  to  the  excessively  branched  83  Oxo  ester 
wherein  branching  occ\irs  on  both  sides  of  the  ester  group.  They  are,  how- 
ever, poorer  than  the  optimum  breuiched  C3  Oxo  pelargonate.  Like  most  mono- 
esters,  they  show  a tendency  toweurd  downward  curvature  when  plotted  on  the 
ASTM  viscosity-temperature  chart  but  the  changes,  as  shown  by  the  ASTM  slopes, 
are  much  smaller  than  those  shown  by  the  non-ether-oxygen  monoesters  so  that 
essentiaQJy  a straight  line  results.  It  will  be  noted  that  the  only  bene- 
ficial effect  of  the  ether  oxygen  is  to  increase  the  flash  point.  This 
appears  to  be  real  and  will  be  discussed  later  under  viscosity-volatility 
characteristics . 


(Data  on  following  page) 


WADC  TR  53-88 


126 


Viscosity -Temperature  Properties  - Monoesters 


Monoester 

Viscosity 
At  °F. 
210  -40 

Cs. 

ASTM  Slope 
210°F.to 
100  ^ 

Flash 

Pt., 

°F. 

Pour 

Pt., 

°F. 

I sopropoxyethoxye thyl 

n-octanoate 

1.363 

104 

Solid 

0.821 

0.815* 

315 

-55 

2 -Ethylbutozyethoxye thyl 

caproate 

1.367 

114 

501 

0.826 

0.828 

330 

<-75 

Cg  Oxo  pelargonate 

1.37^^ 

78.8 

259 

0.810 

0.785 

305 

<-75 

eg  Oxo  C9  Oxoate 

1.390 

103 

410 

0.827 

0.810 

285 

<-75 

* Slope  210/-40°F. 


2.  Monoesters  Versus  Diesters 


The  C21  monoester,  3,5,5"‘trimethylhexanoate^  were  shown 

in  AF  Technical  Report  6663  "to  inferior  to  dibasic  acid  diesters  of 
equivalent  carbon  content.  Its  poor  showing  at  low  temperatures  is  un- 
doubtedly due,  in  part  at  least,  to  the  terminal  butyl  group  in  the  acid 
portion.  More  recent  data  for  other  monoesters,  C]_2  Oxoate  and 

n-hexyl  C]_o  Oxoate,  confirm  the  earlier  observation  that  low  pour  mono- 
esters in  the  CpS  to  C26  reinge  are  inferior  in  viscosity-temperature  pro- 
perties to  dibasic  acid  diesters  of  the  SEuae  carbon  content  of  210°F.  vis- 
cosity. This  also  holds  generally  for  glycol  diesters  althoixgh  here  a 
number  of  exceptions  exist,  especially  when  they  are  compared  with  a mono- 
ester having  nearly  optimum  branching  (n-hexyl  Cpo  Oxoate).  The  presence 
of  the  second  ester  linkage  in  both  types  of  diesters  is  particularly  ef- 
fective in  lowering  the  volatility  (raising  the  flash  point).  The  mono- 
esters, Cpo  Oxo  Cpo  Oxoate  and  n-hexyl  Cpo  Oxoate,  are  compared  in  the 
following  table  with  dibasic  acid  esters  having  the  same  210°F.  viscosity 
and  with  glycol  diesters  having  approximately  the  same  carbon  content.  The 
superior  low  temperature  viscosities  of  the  dibasic  acid  diesters  are  par- 
ticularly noteworthy. 


(Data  on  following  page) 


WADC  TR 


127 


Monoesters  Versus  Diesters 


Cno  Oxo  C13  Oxoate 
Di-2-ethylhexyl  Sebacate 
Tri propylene  glycol 
di -n-oc tanoate 

n-Hexyl  C23  Oxoate 
Di~3“™0bhylbutyl  Adipate 
Diethylene  glycol 
di  -2 -e thy Ihexoate 


ASTM 


Catrbon 

Content 

Viscosity,  Cs.  @ °E 

2i0  -40  -65 

Slope 

210/  H&N 
100°F.  V.I. 

Flash 

Ft., 

°F. 

C26 

3.38 

7230 

76500 

0.775 

115 

4o5 

^26 

3.39 

l48o 

8380 

0.693 

150 

430 

C25 

2.76 

1040 

7000 

0.725 

152 

415 

ClQ 

l.T^t 

307 

1480 

0.814 

157 

315 

Cl6 

1.73 

165 

650 

0.778 

173 

325 

^18 

1.97 

1150 

8580 

0.842 

129 

360 

3.  Dieaters  Contedning  Ether  Oxygen 

There  are  fo\ir  effects  noted  in  diesters  derived  from  alcohols 
containing  ether  oxygen,  known  connnercially  as  Cellosolves,  Carbitols,  and 
Dowemols.  As  shown  in  the  summary  table  below  with  data  taken  from  the 
literature,  the  addition  of  ethylene  oxide  to  Oxo  alcohol  results  in 
(1)  greater  viscosity,  (2)  increased  Dean  and  Davis  viscosity  indexes,  (3) 
Mgher  flash  points,  and  (4)  poorer  pour  points.  It  will  be  noted  that  the 
optimum  viscosity -temperattire  relationship  and  flash  point  consistent  with 
a good  pour  point  are  obtain  ed  when  about  two  ethylene  oxide  units  are  added. 


Effect  of  Ethylene  Oxide  on  Diester  Properties 


Adipate  (Diester) 

Viscosity, 
Cs.  @ °F. 
210  100 

ASTM 

Slope 

210/ 

100 °F. 

D&D 

V.I. 

E&N 

V.I. 

Flash 

pt., 

“F. 

Pour 

Pt., 

op. 

C9 

Oxo  (from  di isobutylene) 

3.21 

12.7 

0.728 

136 

142 

415 

<-98 

^9 

Oxo  + 1 m.  Ethylene  Oxide 

4.30 

18.3 

0.678 

165 

144 

420 

-82 

Co 

0X0  + 2 m. 

5.7^^ 

27.4 

0.652 

154 

144 

465 

-72 

Cq 

Oxo  + 4 m.  " " 

7.72 

40.9 

0.622 

147 

140 

440 

-62 

4 

Oxo  + 6 m. 

10.0 

54.1 

0.591 

148 

144 

^35 

-36 
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The  changes  resulting  from  the  addition  of  ethylene  oxide  units 
are  due  mainly  to  the  Increased  molecular  weight  but  they  also  reflect 
the  effect  of  the  ether  oxygen,  which  becomes  more  pronoimced  with  the 
lower  alcohol  diesters,  where  the  alkylene  oxide  portion  constitutes  a 
greater  proportion  of  the  molecule.  As  shown  in  the  table  below  with 
esters  of  low  molecular  weight  alcohols,  the  alltylene  oxide  actiially  im- 
proves the  poiir  points  but  this  effect  diminishes  as  successive  alkylene 
oxide  vinits  are  added.  The  effect  of  ether  oxygen  in  raising  the  viscosity 
level  and  lowering  the  pour  point  is  shown  by  comparing  the  adipate  of 
butyl  eilcohol  + 2 mols  of  ethylene  oxide  with  n-octyl  adipate,  both  having 
the  same  carbon  content  and  straight  chain  structure.  Proxylene  oxide  is 
shown  to  have  an  effect  similar  to  ethylene  oxide.  The  properties  of  the 
propylene  oxide  derivatives  of  isopropanol  are  con^ared  below  with  those 
of  di-sec.  hexyl  and  di-C^  Oxo  adipates,  which  have  similar  viscosities 
but  l8U3k  the  ether  oxygen.  The  sec. -hexyl  adipate  is  shown  to  be  inferior 
while  the  Oxo  adipate  is  superior  to  the  ether  oxygen  counterparts. 

Effect  of  Alkylene  Oxides  on  Diester  Properties 


ASTM 

Viscosity,  Slope  Flash  Pour 

Cs.  @ °F.  210/  H&N  Pt.,  Pt., 


Adipate  (diester) 210 


n-Butyl  1.49 

n-Butyl  + 1 m.  Ethylene  Oxide  2.24 
n-Butyl  + 2 m.  Ethylene  Oxide  3.^7 
n-Octyl  2.85 

Isopropyl  1,16 

Isopropyl  + 1 m.  Propylene  Oxide  2.08 
Isopropyl  + 2 m.  Propylene  Oxide  3.52 
Sec. -Hexyl  I.8I 

Oxo  3.21 


100 

100° F. 

V.I. 

V.I. 

“F. 

OF. 

3.68 

0.7^8 

•m  — 

3^0 

-13 

7.31 

0.755 

129 

154 

390 

-40 

13.3 

0.694 

158 

145 

450 

<-35 

8.75 

0.652 

187 

170 

420 

+39 

2.92 

0.863 

— 

225 

+30  (MP) 

6.99 

0.796 

102 

147 

325 

<-75 

14.7 

0.724 

137 

138 

360 

-65 

5.79 

0,822 

— 

149 

305 

+50  (MP) 

12.7 

0.728 

136 

142 

415 

<-98 

To  expand  the  literature  data  on  the  properties  of  oxygen  containing 
esters,  several  compoimds  were  synthesized  from  alcohols  containing  two 
ethylene  oxide  imlts.  Secondary  alcohols  were  selected  since  their  eO-kylene 
oxide  derivatives  might  serve  as  a means  of  increasing  the  availability  of 
synthetic  esters.  By  this  means  a large  number  of  low  cost,  readily  available 
alcohols,  which  otherwise  are  not  suitable  because  their  esters  are  thermally 
unstable,  can  be  utilized.  Several  of  these  Carbitol  type  diesters  are  com- 
pared in  the  summary  table  below  with  promising  diesters  having  equivalent 
210”F.  viscosities.  Complete  data  are  given  in  Appendix  Table  I.  It  will  be 
noted  that  diisopropoxyethoxyethyl  adipate  is  a perfect  match  for  di-2-ethyl- 
hexyl  azelate  in  flash,  poiir,  ASTM  slope,  V.I.  and  viscosities  at  the  higher 
temperature  levels . However,  at  low  temperatures  the  viscosities  and  ASTM 
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slopes  increase  markedly  revealing  its  inferior  viscosity -temperature 
characteristics  over  the  fvill  temperature  range.  Dicaproxyethoxyethyl 
adipate,  which  utilized  capryl  alcohol,  a by-product  of  sebacic  acid 
manufacture,  appears  to  have  somewhat  better  viscosity -temperature  character- 
istics than  C-j^Q  Oxo  sebacate  based  on  the  high  temperature  viscosities,  but 
here  again  the  tendency  of  the  ether  oxygens  to  cause  an  upward  hook  (in- 
creased ASTM  slope)  becomes  evident  at  low  temperatures.  Similar  diesters 
made  from  a primary  eLlcohol  base  (di-2-ethylbutyl  Carbitol  adipate)  appear 
to  be  in  no  way  superior  to  the  secondary  derivatives. 


Comparison  of  Dibasic  Acid  Diesters  With  and 
Without  Ether  Oxygen 


(All  Pour  Points 

are  Less  Than 

-75“F.) 

Viscosity, 

Flash 

CS.  (B 

°F. 

H&N 

ASTM  Slope  210/ °F. 

Pt., 

Material 

210 

-65 

V.I. 

100 

-4o 

-65 

°F. 

Diisopropoxyethoxyethyl  Adipate 

2.9h8 

26500 

149 

0.723 

0.764 

0.779 

420 

Di-2-ethylhexyl  Azelate 

2.9kk 

6260 

149 

0.721 

0.726 

0.724 

400 

Dicaproxyethoxyethyl  Adipate 

4.700 

57870 

147 

0.655 

0.693 

0.704 

415 

Di-Cio  Oxo  Sebacate 

4.702 

28860 

142 

0.671 

0.682 

0.680 

465 

Di-2-ethylbutyl  Carbitol  Adipate 

3.686 

40310 

151 

0.679 

0.730 

0.743 

440 

Dl-Cio  Oxo  Adipate 

3.598 

23000 

146 

0.702 

0.727 

0.728 

450 

Most  secondary  alcohols  tend  to  give  diesters  having  high  melting  or 
pour  points.  The  conversion  of  these  alcohols  to  alkylene  oxide  derivatives 
provides  a useful  means  by  which  satisfactory  low  pour  materials  can  be  ob- 
tained from  these  otherwise  unattractive  alcohols.  This  is  considered  to  be 
an  important  advantage  which  can  be  cited  for  these  materials,  along  with  the 
improved  thermal  stability  which  will  be  discussed  in  Section  E.  As  shown 
in  the  table  below,  dicapryl  and  dilsopropyl  adipates  are  transformed  by  the 
use  of  alkylene  oxides  into  products  having  considerably  better  viscosity- 
temperatiire , flash  and  pour  point  characteristics. 


(Data  on  following  page) 
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Properties  of  Diesters  Utilizing  Secondary  Alcohols 
and  Their  Derivatives 


Flash  Pour  or 


Viscosity, 

Cs.  (g 

°F. 

Pt., 

(MP) 

Adipate  (Diester) 

210 

100 

-40 

-^5 

V.I. 

°F. 

°F. 

Caprj'-l 

2.42 

8.67 

Crystalline 

110 

370 

-60 

Caproxyethoxyethyl 

4.70 

19.9 

5340 

57900 

170 

415 

<-75 

Isopropyl 

1.16 

2.92 

Crystalline 

— 

225 

(+30) 

I sopropoxye thoxye thy 1 

2.95 

10.9 

2210 

26500 

142 

420 

<-75 

Isopropoxylsopropoxyisopropyl 

3.52 

14.7 

— 

— 

137 

380 

-65 

4.  Glycol  Diesters  Containing  Ether  Oxygen 

Esters  derived  from  glycols  by  reaction  with  monobasic  acids  have 
been  foimd^  in  general,  to  be  inferior  to  dibasic  acid  diesters.  Several 
polypropylene  glycol  diesters  were  shown  in  the  last  quarterly  report  to  be 
equivalent  to  dibasic  acid  diesters  of  the  same  viscosity  and  carbon  content. 
These  were  dipropylene  glycol  di-n-octanoate,  and  tripropylene  glycol  di-n- 
octanoate  eind  dicaproate . It  will  be  noted  that  all  of  these  esters  require 
straight  chain  acids  which  may  be  in  short  supply  in  time  of  national 
emergency.  These  esters  may  serve,  however,  as  a possible  alternate  supply 
of  lubricant  materials  along  with  dibasic  acid  diesters.  The  straight  chain 
pelargonic  acid  which  is  available  commercially  as  a by-product  from 
azelaic  acid  manufacture  probably  would  not  become  short  in  an  emergency  but 
it  does  not  give  a satisfactory  ester  with  tri propylene  glycol.  As  shown 
in  the  Appendix  Table  40  and  in  the  summary  table  below,  tripropylene  glycol 
dipelargonate  is  inferior  in  viscosity-temperatixre  properties  to  similar 
diesters  made  from  shorter  straight  chain  acids.  The  reason  for  the  crystal- 
line formation  and  consequently  poor  showing  of  the  pelargonate  ester  is 
probably  associated  with  the  low  purity  of  the  commercial  pelargonic  acid 
employed. 


Tripropylene  Glycol  Dlesters 
(<-75°F.  Po\ir  Points) 


Tripropylene 
Glycol  Diester 

Viscosity,  Ca 

t.  @ °F. 

ASTM  Slope 

H&N 

V.I. 

Flash 
Pt.,  °F 

210 

-4o 

-65  _ 

210/100 

210/ -40 

Dipelargonate 

2.900 

1178 

Crystals 

0.725 

0.732 

140 

420 

Di-n-octanoate 

2.756 

1040 

7000 

0.725 

0.740 

152 

415 

Dicaproate 

2,134 

591 

3572 

0.775 

0.784 

153 

395 

WADG  TR  53-38 


131 


It  will  be  noted  that  the  tripropylene  glycol  diesters  exhibit 
the  upward  viscosity-temperature  hook  characteristic  of  esters  containing 
ether  oxygens.  Dipropylene  glycol  di-n-octanoate^  on  the  other  hand, 
gives  a downward  curvature  which  permits  this  ester  to  surpass  many  others 
diesters  in  viscosity-temperature  properties  throughout  the  temperature 
range  investigated  (-65  - 210°F.).  This  unusml  but  desirable  behavior 
may  possibly  be  due  to  some  tendency  for  the  glycol  portion  of  this  di- 
ester  to  form  a pseudo  ring  or  loop,  giving  rise  to  the  dense  center  con- 
figuration which  has  been  found  associated  with  this  downward  curvature 
in  many  other  instances.  As  shown  below,  certain  other  glycol  diesters 
exhibit  the  same  tendency.  In  the  three  cases  cited  a 1,5-glycol  is  in- 
volved which  would  be  optimum  for  permitting  the  formation  of  a strain  free 
ring  or  loop.  Insufficient  data  are  available  to  show  whether  polymethylene 
glycols  other  than  the  1,5-type  behave  similarly. 


Unusual  Viscosity-Temperature  Properties  of 
Certain  Glycol  Diesters 


ASTM  Slope,  210°F. 

to 

Material 

100°F. 

-40'^F, 

-85‘’F. 

Dipropylene  glycol  di-n-octanoate 

0.759 

0.756 

0.752 

Pentanediol-1,5  di-2-ethylhexoate 

0,829 

0.817 

0.807 

2 -Ethoxymethyl-2 , k -dimethyl 
pentanediol-1,5  dicaproate 

0.781 

0.776 

0.776 

2 -E thoxyme  thy 1 -2 , k- dime thy 1 

pentanediol-1, 5“di -2-ethylhexoate 

0.815 

0.813 

It  would  appear  from  these  data  that  dipropylene  glycol  dipelargonate, 
which  should  likewise  exhibit  downward  curvature,  might  possess  reasonably 
good  viscosity-temperature  characteristics,  and  could  be  made  from  readily 
available  materials. 

Polyethylene  glycols,  like  polypropylene  glycols,  can  be  produced 
on  a much  larger  scale  than  they  are  now  being  made  commercially.  Their 
application  to  synthetic  ester  lubricants,  therefore,  would  be  desirable 
at  least  from  an  availability  standpoint.  The  use  of  polyethylene  glycols 
in  diesters  has  not  been  considered  very  promising  since  poor  viscosity- 
temperature  characteristics  are  obtained  with  branched  chain  acids  and  high 
pour  materials  are  produced  with  straight  chain  acids,  according  to  the 
literature.  It  was  observed  in  the  work  on  Carbitol  type  diesters  and  in 
previous  work  that  the  presence  of  ether  oxygen  tended  to  lower  the  pour 
points  of  diesters  in  which  the  alkylene  oxide  portion  constituted  a sizeable 
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proportion  of  the  molecule.  Several  diesters  were  synthesized  to  expand 
the  existing  data,  especially  at  low  temperatures,  on  compounds  of  the 
glycol  diester  type.  Literature  references  indicate  Polyethylene  Glycol 
200  and  tetraethylene  glycol  would  give  better  diester  properties  than 
lower  polyethylene  glycols.  This  is  undoubtedly  due  to  the  fact  that 
they  are  similar  in  carbon  content  to  octanediol-1,8  and  would  give  di- 
esters in  the  C22~^2^  range  wherein  the  diesters  having  the  best  properties 
have  been  found.  Low  pour  points  woxild  be  anticipated  for  the  diesters  of 
these  glycols,  because  the  three  ether  oxygens  in  the  glycol  portion  should 
have  appreciable  effect  when  not  masked  by  the  size  of  the  monobasic  acid 
used.  As  is  shown  in  Appendix  Table  40  and  in  the  table  below,  low  pour 
diesters  can  be  obtained  with  straight  chain  acids.  Thus,  with  Poly glycol 
200  and  caproic  acid  a pour  of  -65°F.  is  obtained,  compared  with  +60  for 
ethylene  glycol  di-n-octanoate . Lower  pour  diesters  can  be  obtained  with 
very  little  sacrifice  in  viscosity-temperature  characteristics  by  intro- 
ducing a moderate  amount  of  branching,  as  is  shown  for  Polyglycol  200  mono- 
2-ethylbutyrate  mono-caproate . The  same  result  could  possibly  be  obtained 
by  employing  a slightly  higher  molecular  weight  polyethylene  glycol  (more 
ether  oxygens),  although  this  has  not  been  demonstrated.  The  viscosity- 
temperature  characteristics  of  these  glycol  diesters  are  inferior  to  di- 
basic acid  diesters  over  the  full  temperature  range  (210  to  -65®F.)  because 
of  their  upward  hook  at  low  temperatures.  The  flash  points  are  high  com- 
pared with  dl-2-ethylhexyl  azelate  and  hexane -diol-1, 6 di-n-octanoate.  This 
difference  may  reflect  in  part  the  degree  of  purification  or  stripping,  but 
it  is  probably  also  associated  with  the  presence  of  the  ether  oxygens. 

Viscosity -Tempearature  Properties  - Glycol  Diesters 

Viscosity,  ASTM  Flash  Poiir 


Cs.  @ 

"•F. 

Slope  210/ °F. 

H&N 

Pt., 

210 

-40 

100 

^5o 

V.I. 

OF. 

“F. 

Poly glycol  200  di-n-butyrate 
Tetraethylene glycol 

2.^6 

l5^ 

0.735 

oTfBo 

154 

390 

-60 

dicaproate 

2.552 

1055 

0.729 

0.764 

156 

415 

-60 

Polyglycol  200  dicaproate 
Polyglycol  200  mono-2-ethyl- 

2.920 

1532 

0.706 

0.747 

157 

420 

-65 

butyrate  mono-caproate 

2.918 

1851 

0.711 

0.757 

153 

420 

<-75 

Di-2-ethylhexyl  Azelate 
Hexanediol-1,6  Di-n- 

2.9kh 

1132 

0.721 

0.726 

149 

400 

<-75 

Octanoate 

2.62 

— 

0.697 

— 

149 

380 

+46 

5.  Dense-Center  Polyesters 

Polyesters  in  which  the  acid  or  alcohol  portions  appear  to 
emanate  from  a common  source  or  dense  center  generally  exhibit  a desirable 
downward  curvature  of  their  ASTM  viscosity -temperatvre  relationship  at  low 
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temperatures . These  Include  esters  of  tri  or  tetrahydric  alcohols  such 
as  triethanol  amino,  trimethylolpropano,  and  pentaerythritol.  Aconitates, 
dimerates,  phthalates,  phosphinates,  phosphonates,  phosphates,  phosphites, 
silicates,  and  the  like  also  show  the  same  phenomenon.  The  esters  of 
pentaerythritol  and  t rime thy lolpropane  are  of  special  interest  in  this 
work  since  they  have  fairly  attractive  properties  and  cem.  be  made  from 
available  materials  (acetaldehyde,  butyre^.dehyde,  formaldehyde  and  mono- 
basic acids).  They  could  possibly  serve,  therefore,  as  alternates  for 
dibasic  acid  esters  where  moderately  good  viscosity -temperature  character- 
istics would  suffice.  Itofortunately,  these  polyhydric  alcohol  esters  of 
straight  chain  acids  have  undesirably  high  melting  points.  As  shown  in 
Appendix  Table  40  and  in  the  summary  table  below,  introduction  of  some 
branching  eliminates  the  high  melting  point  difficulties  but,  as  might  be 
expected.  Imparts  poorer  viscosity-temperatiire  characteristics,  as  indi- 
cated by  lower  H&N  V.I.  and  higher  low  temperature  viscosities.  Penta- 
erythritol dicaproate  di-2-ethylbutyrate  appears  to  be  excessively  branched. 
It  is  believed  that  the  pentaerythritol  tricaproate  mono-2-ethylbutyrate 
would  provide  the  optimiam  degree  of  branching.  Trime thy lolpropane  di- 
caproate mono-2-ethylbutyrate  has  about  the  optimum  amoimt  of  branching 
for  a trimethy lolpropane  triester;  hence,  no  further  improvement  can  be 
expected.  At  the  suggestion  of  the  project  engineer,  another  polyester, 
tri-n-butyl  aconitate,  was  given  a preliminary  evaluation,  since  the 
American  Sugar  Refining  Company  proposes  to  recover  reasonably  large 
quantities  of  aconltic  acid  (1,2,3-propenetricarboxylic  acid)  from  molasses. 
As  shown  in  Appendix  Table  38  and  in  the  siommary  table  below,  this  aconitate 
does  not  have  outstandingly  good  viscosity -temperatiare  properties  but  is 
similar  in  this  respect  to  the  pentaerythritol  and  trimethy lolpropane 
polyesters.  It  is  unsaturated  and  consequently  has  poor  oxidation  sta- 
bility. It  does  not  crystallize  at  low  temperatures  but  has  a lower  flash 
point  than  diesters  of  similar  viscosity. 


(Data  on  following  page) 
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Dense -Center  Polyesters 


Polyester 

Pentaerythritol  tetra- 
caproate 

Pentaerythritol  di- 
caproate  di -2 -ethyl- 
butyrate 

Trims thy lolpropane 
tri -n-oc tanoate 

Trimsthylolpropeuie  di- 
caproate  mono-2-ethyl- 
butyrate 

Tri-n-butyl  aconitate 

Di-2-ethylhexyl  Adipate 


Viscosity, 

ASTM 

Slope 

Cs.  @ 

“F. 

210/ 

“F. 

210 

-4o 

100 

-40 

h,133 

4656 

0.734 

0.717 

4, 660 

16400 

0.764 

0.746 

h.o46 

3276 

0.717 

0.703 

3.163 

2959 

0.780 

0.761 

2.438 

1509 

0.829 

0.799 

2.362 

833 

0.770 

0.774 

Flash 


E&N 

V.I. 

Pt., 

“F. 

Melting 
Pt..  “F 

125 

470 

+21 

106 

470 

WHC 

133 

485 

+18 

121 

415 

WNC 

116 

370 

WNC 

147 

395 

-90 

WNC:  Would  not  ciystallize  after  I5  hours  at  -94®F. 
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B.  VlacQslty^olatllltv  Characteristics 

In  order  for  a lubricant  to  withstnad  the  extremes  in  tempera- 
ture anticipated  for  newer  design  tiirbine  type  aircraft  engines,  the  lubri- 
cant must  combine  low  volatility  at  high  temperatures  with  low  viscosity 
at  low  temperatures.  Mineral,  oils  do  not  possess  a satisfactory  combi- 
nation of  these  properties  amd  therefore  have  poorer  viscosity-volatility 
characteristics  than  desired  for  these  engines.  In  contrast,  ester— type 
synthetic  lubricamts  are  quite  good  in  this  respect.  In  the  absence  of 
impurities,  the  flash  points  of  synthetic  lubricants  are  influenced  to  a 
lau*ge  extent  not  only  by  the  number  of  carbon  atoms  and  branchiness  but 
atLso  by  the  type,  position,  emd  number  of  functional,  groups  present  in  the 
molecule.  The  flash  px>ints  of  mineral  oils,  on  the  other  hand,  depend 
generailly  only  on  carbon  chain  length  auid  branchiness  since  no  functional 
groups  are  present.  Flash  point  determinations  are  used  to  give  a fair 
indication  of  volatility  in  mineral  oil  work  but  since  they  au*e  generally 
subject  to  eonsiderable  error,  they  should  not  be  relied  upon  to  give  an 
accurate  indication  of  volatility  for  non-hydrocarbon  synthetic  lubricants. 
Actuad  vapor  pressure  determinations  have  been  used  to  measxire  the  vola- 
tility of  the  esters  evaluated  in  this  work.  The  method  used  is  that 
described  by  Hickman  and  Weyerts(2)  and  is  presented  as  Appendix  III  A. 

In  brief,  the  experimentad  data  obtained  at  0,4  to  8 mm,  pressure  are 
plotted  as  log  V.P.  versus  l/(t+230)  where  t is  in  ®C.  A straight 
line  results  from  which  fair  values  for  amy  vapor  pressure  at  any 
temperature  cam  be  obtained.  Vapor  pressure-temperature  and  vis- 
cosity-volatility data  of  all  compounds  evaluated  in  this  program 
au*e  tabulated  in  Appendix  Tables  43  and  44.  The  viscosity— volatility 
characteristics  of  synthetic  lubricants  were  discussed  in  some 
detail  in  Appeniix  III.  Additionad  work  has  been  concerned  with 
dies ter s containing  ether  oxygen  atoms,  and  is  discussed  in  the 
following  sections. 


1,  Monoesters 

As  discussed  above,  the  volatility  of  non-hydrocarbon  synthetic 
lubricants  is  Influenced  to  a great  extent  by  several  factors.  The  degree 
and  position  of  bramchlness  appears  to  be  importamt.  Comparison  of 
monoesters  (Appendix  Table  43)  shows  that  bramchlness  occurring  on  only 
one  side  of  the  ester  linkage,  preferable  in  the  alcohol  portion (3),  is  optimum. 


(2)  Hickman  and  Vfeyerts,  J,  Am.  Chem,  Soc.,  52»  4714  (1930), 

(3)  Recent  brochure  on  Esters  (Carbide  amd  Carbon)  shows  n-hejyl  2-ethyl— 
hexanoate  to  have  higher  volatility  than  2-etIylhexyl  caproate. 
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giving  less  volatile  esters  than  vhen  the  branching  Is  on  both  sides  of 
this  group.  Thus,  Cq  Oxo  n-octanoate  has  only  half  the  vapor  pressxire 
of  2-ethylhezyl  2-ethylhezanoate  althou^^  both  esters  have  the  same  carbon 
content.  Since  the  viscosity  Is  also  Improved  hy  this  selective  distri- 
bution of  branchlness,  the  Cg  Oxo  n-octanoate  has  the  better  viscosity- 
volatility  properties.  The  presence  of  ether  oxygen  also  has  an  effect. 
The  Introduction  of  two  ether  oxygens  tends  to  lower  the  volatility.  As 
shown  In  the  table  below,  Isopropoxyethoxyethyl  n-octanoate  and  2-ethyl- 
butyl  Carbltol  caproate  have  lower  vapor  pressures  at  400“F.  than  Cg  Oxo 
pelargonate,  yet  all  three  esters  have  the  same  210”F.  viscosities  and 
about  the  same  degree  of  branchlness.  However,  because  of  their  sll^tly 
poorer  low  temperature  properties  those  ether-monoesters  are  considered 
to  have  viscosity-volatility  properties  which  are  essentially  equivalent 
to  the  Cg  Oxo  pelargonate. 

Viscosity-Volatility  Properties  of  Monoesters 


Monoester 

Viscosity, Cs. 

^ -te 

0 

1 

Flash 

Pt., 

“F. 

Vapor 
Pressure , 
mm.  @ 1«)0*F, 

Viscosity- 
Volatility 
, Index 

I sopropoxye thoxyethyl 
n-octanoate 

1.363 

104.1 

Solid 

315 

50 

w 

2-Ethylbutyl  Carbltol 
caproate 

1.367 

113.9 

501 

330 

35 

382 

Cg  Oxo  pelargonate 

1.374 

78.8 

259 

305 

60 

373 

A rough  measure  of  viscosity-volatility  properties  Is 

given  by  the 

viscosity-volatility  Index.  This  Is  an  arbltreurlly  chosen  Index  and  Is  de- 
fined as  the  difference  between  the  boiling  temperature  of  the  materleJ.  at 
2 mm.  and  the  tenperature  at  which  It  has  a 10,000  cs.  viscosity.  A short- 
coming of  this  Index  Is  Its  variation  with  viscosity,  necessitating  compari- 
sons at  common  viscosity  levels.  Where  the  material  Is  a solid  at  the  lower 
temperature,  as  Is  the  case  with  Isopropoxyethoxyethyl  n-octamoate,  the 
viscosity -volatility  Index  has  no  real  significance.  For  reference,  however, 
this  Index  has  been  calciilated  for  all  materials  evaluated  and  the  data  axe 
complied  In  Appendix  Tables  43  and  44» 

2.  Dibasic  Acid  Dlesters 


The  Carbltol  type  dlesters  are  considered  to  be  poorer  In  vis- 
cosity-volatility properties  than  conventional  dlesters  not  having  ether 
oxygens.  These  ether-dlesters  (of  dibasic  acids)  have  generally  lower 
volatilities,  but  they  also  have  considerably  higher  viscosities  at  low 
temperatures.  As  shown  below  with  data  taken  from  Appendix  Tables  43  and 
44,  dlisopropoxyethoxyethyl  adipate  is  at  least  equivalent  to  di-2-ethyl- 
hexyl  azelate  in  all  the  properties  examined  except  low  temperature 
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viscosity,  where  it  is  inferior  (26,500  cs.  versus  6260  at  -65"F.).  Di- 
heptgrl  Carhitol  and  di-2-ethyIbutyl  Carbitol  adipates  likewise  have  lower 
vapor  pressures  at  400**F.  and  higher  low  tes^rature  viscosities  than  the 
conventional  dlesters  with  which  they  are  compared.,  Con^jarison  of  2- 
ethylhutyl  Carhitol  adipate  with  esters  having  about  the  seuas  vapor  pressure 
at  li-00“F,  (^“CiQ  Oxo  sebacate;  trimethylolpropane  tri-n-octanoate),  shows 
the  large  effect  that  the  ether  oxygens  have  on  Increasing  the  low  tempera- 
ture viscosity.  This  factor  tends  to  offset  the  advantages  of  the  low 
volatilities  obtainable  with  this  type  of  confound.  Their  usefulness  may 
lie  chiefly  in  applications  where  low  temperattire  viscosity  requirements 
are  not  restrictive,  or  they  may  find  use  as  blending  coiQionents. 


Yiscosity-Volatility  Piroperties  of  Dlesters 


Viscosity,  Cs.  @ ®F. 

Flash 

Pt., 

Vapor 

Pressure, 

Material 

210 

^40 

*F. 

mm.  @ 400®F. 

Di-isopropoxyethoxyethyl  Adipate 

2,9kQ 

2212 

26500 

420 

1.4 

Dl-2-ethylhexyl  Azelate 

2.9kk 

1132 

6260 

400 

1.5 

Di-heptyl  Carbitol  Adipate 

4.128 

5641 

61130 

440 

0.15 

Di-C^  Oxo  Azelate 

4.241 

2907 

viscous 

4oo 

0.88 

Di-2-ethylbutyl  Carbitol  Adipate 

3.686 

3522 

40310 

440 

0.20 

Di-Cio  Oxo  Adipate 

3.598 

2954 

23000 

450 

0.85 

Di-Cio  Oxo  Sebacate 
Trlmethylolpropana  tri-n- 

4.702 

4191 

28860 

465 

0.31 

octanoate 

4.046 

3276 

22180 

485 

0.21 

3.  Glycol  Diesters 

Dlesters  in  which  the  center  portions  are  derived  from  glycols 
are  of  interest  in  this  work  as  a means  of  increasing  the  availability  of 
synthetic  esters.  A few  of  the  glycol  diesters  are  very  much  like  dibasic 
acid  dlesters  in  properties.  However,  most  of  them  are  poorer.  In  general, 
the  viscosity-volatility  properties  of  polypropylene  glycol  dlesters  are 
good  when  straight  chain  acids  are  used,  and  poor  when  branched  chain  acids 
are  used.  The  better  polypropylene  glycol  diesters  appear  to  be  superior 
to  the  best  polymethylene  glycol  (alkane  diol)  diesters  for  which  data  are 
available.  As  shown  below,  tripropylene  glycol  dlcaproate  is  superior  in 
all  respects  to  pentanediol-1, 5 di-2-ethylhexanoate,  both  esters  having 
about  the  same  viscosity  at  210°F.  Very  little  additional  data  have  been 
obtained  on  the  polymethylene  glycol  diesters,  but  they  do  not  appear 
particularly  promising.  Dlesters  made  from  polyethylene  glycols  and  branched 
chain  acids  have  poor  viscosity -volatility  piroperties.  These  diesters  are 
better,  however,  than  the  corresponding  polypropylene  glycol  diesters  uti- 
lizing branched  acids.  For  example,  the  di-2-ethylhexanoate  of  diethylene 
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glycol  has  a lower  vapor  pressure  and  lower  viscosities  than  the  same 
acid  ester  of  dipropylene  glycol.  When  straight  chain  acids  are  employed 
with  polyethylene  glycols,  the  esters  are  likely  to  have  high  melting 
points . 


Viscosity -Volatility  Properties  of  Glycol  Dieaters 


Viscosity,  Cs 
210  -40 

. @ "F. 

- -65 

Pour  or 
(Melting) 
Pt.,  °F. 

Flash 

“F. 

Vapor 
Pressure, 
mm.  @ 400°F. 

Tripropylene  Glycol 
dicaproate 

2.134 

591 

3572 

<-75  (WKC) 

395 

6.3 

Pentanediol-1, 5 di-2- 

ethylhexanoate 

2.115 

958 

5452 

<-75  (WNC) 

390 

8.6 

Di-sec  .-aoyl 
sebacate 

2.271 

528 

2970 

<-75  (WNC) 

375 

6.4 

Diethylene  glycol  di- 
2 -e thy  Uiexanoate 

1.969 

1152 

8579 

<-75  (WNC) 

360 

8 

Dipropylene  glycol 
dl -2 -e thylhexanoate 

2.2o4 

2522 

Viscous 

<-75  (WNC) 

355 

12 

Diethylene  glycol 
dipe largonate 

2.897 

Solid 

Solid 

0 (+11) 

405 

«•  an 

Tetraethylene  glycol 
dicaproate 

2.552 

1055 

Solid 

-60  (+1) 

415 

1.7 

WNC:  Would  not  crystallize  after  I5  hours  at  -94®F. 


The  volatilities  and  viscosity  levels  of  glycol  diesters  can  be 
varied  over  a fairly  wide  range  by  judicously  choosing  the  monobasic  acids 
and  polyalkylene  glycol  necessary  to  give  desired  properties.  It  was  shown 
earlier  that  with  tripropylene  glycol,  the  upper  molecular  weight  limit 
(because  of  partial  crystallization  at  -65°F.)  is  reached  with  pelargonic 
acid  (C^).  In  view  of  the  excellent  properties  shown  for  di-  and  tri- 
propylene  glycol  dlesters  and  the  apparent  tendency  for  multi-ether  linkages 
in  glycol  diesters  to  give  lower  melting  points,  it  is  felt  that  tetra- 
propylene  glycol  and  higher  polypropylene  glycol  diosters  (with  stradght 
chain  acids)  would  also  give  esters  having  satisfactory  viscosity-volatility 
properties.  Those  mterials  would  be  comparable  to  the  more  viscous  di- 
basic acid  diesters,  such  as  di-C^Q  Oxo  or  di-Cj^o  Oxo  adipates.  However,  no 
data  are  available  to  demonstrate  ^is.  With  polyethylene  glycols,  which 
are  more  readily  available  than  polypropylene  glycols,  the  choice  of  suitable 
acids  appears  to  be  even  more  restricted.  As  stated  previously,  this  has 
been  foimd  true  in  the  case  of  several  polyethylene  glycol  dlesters  where 
high  melting  points  were  observed.  As  is  shown  below  and  in  Appendix 
Table  lAy  optimum  viscosity-volatility  and  potir  point  properties  can  be 
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obtained  in  polyethylene  glycol  dlesters  by  employing  one  branched  and 
one  straight  chain  acid  to  give  a mixed  ester.  The  chief  advantage  over 
the  non-biranched  structure  is  in  pour  point,  whereas  two  mols  of  branched 
acid  gives  an  ester  of  higher  viscosity  at  low  temperatures. 

Viscosity-Volatility  of  Glycol  Diesters 


Polyethylene  Glycol  200 
dicaproate 

Polyethylene  Glycol  200 
mono-caproate  mono-2- 
ethylbutyrate 
Polyethylene  Glycol 
di -2 -e thy Ihexanoate 


Viscosity,  Cs.@  °F. 

Pour  or 

Flash 

Ft., 

Vapor 
Pressure , 

210 

^5o 

-65^ 

(M.P.),“F. 

°F. 

ram.  @ 400°F. 

2.920 

1532 

-65  (-27) 

420 

2.9 

2.918 

1851 

18860 

<-75  (WNC) 

420 

3.5 

2.810 

2977 

30985 

<-75  (wwc) 

400 

1.3 

4.  Dense  Center  Polyesters 


The  introduction  of  some  branching  into  such  esters  as  penta- 
erythritol  tetra-caproate  to  reduce  the  melting  point  has  an  adverse  effect 
on  the  viscosity -volatility  properties.  The  vapor  pressure  increases  and, 
as  discussed  previously,  the  low  temperature  viscosity  is  higher  as  a re- 
sult of  the  expected  poorer  viscosity -temperature  relationship.  This  ef- 
fect is  illustrated  in  the  following  table.  Data  on  di-C^Q  sebacate 
are  shown  for  reference. 


Dense  Center  Polyesters  - Viscosity-Volatility  Properties 


Pentaerythrltol  tetra-caproate 
Pentaeiythritol  dicaproate 
dl  -2-ethylbuty rate 
Dl-Cio  Oxo  sebacate 


Viscosity, 
Cs.  @ ”F. 

210  -4o 

Melting 

Pt., 

“F. 

Flash 

Pt., 

°F. 

Vapor 
Pressure  , 
mm.  @ 400°F. 

4.133 

4656 

+21 

470 

0.25 

4.660 

16400 

WNC 

470 

0.60 

4.702 

4191 

-76 

465 

0.31 
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C . Evaporation  Bate  of  Synthetic  Lubricants 


The  development  of  a test  to  measure  lubricant  volatility  imder 
more  realistic  conditions  than  eire  employed  In  flash  point  or  vapor 
pressure  determinations  was  recently  xmdertaken  In  this  work.  It  was 
felt  that  flash  point  was  too  easily  Influenced  by  volatile  contaminants 
which  might  actually  constitute  only  a very  small  proportion  of  the  lubrl- 
c€int  material.  On  the  other  hand,  the  closely  controlled  conditions  and 
rather  complex  apparatus  used  In  determining  vapor  pressure  can  hardly  be 
likened  to  actual  equipment  in  which  synthetic  lubricants  are  used, 
where  conditions  may  be  conducive  to  evaporation  losses.  Consequently,  to 
learn  more  about  the  property  of  volatility,  a hl^  ten^wrature  evaporation 
test  has  been  employed.  In  this  test  a 30  gram  sample  of  the  test  oil  Is 
heated  In  a glass  tube  (35  o®.  l.d. ),  Immersed  In  an  oil  bath  at  392®r.  for 
5 hoxirs.  Nitrogen,  at  a rate  of  2 liters  per  minute.  Is  passed  over  the 
svirface  from  a 10  mm.  orifice  located  about  2 Inches  above  and  directed  at 
the  surface  of  the  lubricant.  The  gas  exit  arm  of  the  11  Inch  tube  Is 
located  k Inches  above  the-  surfeu:e  of  the  bath.  Hourly  weldings  are  made 
to  determine  the  weight  of  the  san^le  evaporated.  Analysis  of  the  test 
results  of  a nvmber  of  lubricant  materials  evaluated  showed  that  the  rate 
of  evaporation  for  pure  esters  remains  virtually  constant,  as  expected,  for 
the  duration  of  the  test.  This  Is  shown  In  Appendix  Figure  14 by  the  linear 
relationship  obtained  when  per  cent  evaporation  Is  plotted  against  time. 

The  evaporation  rates  of  a Grade  1010  mineral  oil  and  a polyglycol  lubricant 
were  not  linear,  reflecting  the  fact  that  these  compositions  are  mixtures 
of  compounds  of  vaiylng  volatilities . The  correlation  between  flash  point 
and  evaporation  In  this  test  was  rather  poor.  However,  the  evaporation 
after  1 hoiir  was  foxmd  to  be  related  fairly  reliably  to  the  vapor  pressure 
at  400°F.  These  results  are  tabvilated  below  and  shown  graphically  in 
Appendix  Figure  15, 


Evaporation  of  Synthetic  Lubricants 


Vapor 

Flash 

Wt.  ^ Evaporated, 

Pressure 

Pt., 

1 Hour  @ 392 °F. 

mm.  @ 400°F. 

°F. 

Di-2-ethylhexyl  sebacate 

0.7 

0.78 

430 

Di-Cg  Oxo  adipate 

1.7 

2.6 

385 

Di -butyl  phthalate 

10.0 

14.0 

340 

Co  Oxo  decanoate 

12.7 

27.0 

330 

MIL-O-6081,  Grade  1010  Mineral  Oil 

14.8 

— 

290 

UCON  LB-TOX 

18.3 

65 

280 

2-Ethylhexyl  2-ethylhexanoate 

22.3 

120 

270 

la 
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These  resiilts  indicate  that  the  evaporation  test  gives  about 
the  sane  infonnation  on  volatility  as  that  obtained  in  vapor  pressure 
determinations.  The  evaporation  test  has  the  advantage  of  simplicity, 
however.  Severed,  obvious  modifications  cem  be  made  to  this  test  to 
simulate  still  more  reedlstic  conditions.  Exposure  of  the  test  oil  to 
air  and  agitation  as  well  as  high  temperatxires  would  be  more  like  sezvice 
conditions,  but  a coadbined  oxidation  stability-evaporation  test  of  that 
type  would  probably  be  a less  useful  tool  in  exploratory  work. 

D.  Oxidation  Stability  Studies 

One  of  the  most  important  properties  of  a synthetic  lubricant 
designed  for  high  temperature  operation  is  its  stability  in  the  pz^sence 
of  oxygen  and  its  cezroslveness  to  metals  normally  used  in  the  equipment 
being  lubricated.  A limited  amovint  of  work  has  been  ^mdertaken  to  de- 
termine the  oxidation  stabilities  of  synthetic  esters  and  what  factors 
cause  variatiozxs  in  their  stabilities,  A modification  of  the  MIL-L-6387 
Oxidation-Corrosion  Stability  Tost  was  used  in  this  work.  It  consists  of 
bubblizig  air  at  a rate  of  5 liters  per  hour  throu^  a 100  gram  sample  in 
the  presezice  of  strips  of  copper,  aluminum,  magnesium,  and  steel  at  a 
temperature  of  347®F.  (175“C.).  The  test  is  continued  \mtil  a sharp  in- 
crease is  obtained  in  the  neutralization  number,  which  is  detezmined  every 
24  hours  by  removing  a 10  gram  sample.  The  stable  life  of  the  ester  is 
Indicated  by  the  point  at  which  this  z«latively  rapid  increase  in  acidity 
occiurs.  The  gain  or  loss  in  weight  of  the  mstcLL  strips  is  recorded,  but 
in  these  teste  little  significance  is  given  to  these  data,  since  corrosion 
may  become  unrealistically  severe  when  the  oil  has  been  oxidized  to  a high 
neutralization  number.  The  stable  life  of  an  uziinhibited  ester  is  very 
short.  Consequently,  eui  0.3  wt.  ^ concentration  of  phenothiazlne  has  been 
used  as  the  oxidation  izihibitor.  This  concentration  will  not  prolong  the 
test  to  em  inconvenient  length  of  time,  as  would  be  the  case  for  many 
esters  if  higher  concentrations  were  used. 

It  was  pointed  out  in  Appendix  III  of  this  report  that  inq>uri- 
tles  are  considered  to  be  the  chief  antagonist  in  causing  variations  in 
ester  stability.  For  example,  a distilled  grade  of  di-2-ethylhe2yl 
sebacate  (Plexol  20B/)  appeared  to  be  more  stable  than  the  less  pure 
plasticizer  grade  (plexol  201).  The  stability  of  a batch  of  plasticizer 
grade  di-Co  Oxo  adipate  (plexol  244)  could  not,  however,  be  improved  by 
stripping,  distilling,  or  charcoal  treating.  In  the  current  study  a ntimber 
of  other  esters  have  been  partially  purified  mainly  by  stripping  off  the 
first  % and  then  evalmting  the  vindistllled  5-100^  portion.  Information 
on  any  effects  of  low  boiling  impurities  and  the  relative  stabilities  of 
esters  could  thus  be  obtained.  These  esters  were  run  in  duplicate  to  give 
an  indication  of  the  reproducibility  of  the  test.  As  shown  in  the  summary 
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table  below  and  in  Appendix  Table  49,  stripping  gave  no  definite  improve- 
ment in  stability.  In  all  cases  tbe  difference  between  the  xmtreated  and 
the  stripped  esters  appears  to  be  within  the  reproducibility  of  the  test, 
which  is  not  as  good  as  desired.  It  will  be  noted  that  wide  variations 
in  stabilities  can  be  obtained  depending  on  the  ester  selected.  Certain 
esters  have  substantially  higher  stable  lives  than  others  even  though  they 
may  be  only  different  batches  of  the  same  material.  Di-2-ethylhexyl  adi- 
pate has  a svirprisingly  good  stable  life  of  about  I50  hours  whereas  dl-Cg 
Oxo  adipate  is  stable  in  this  test  for  about  85  hours  (Batch  II),  45  hours 
(Batch  I),  and  25  hours  (PX-208) . Certain  glycol  diesters  are  at  least 
equivalent  to  the  better  dibasic  acid  diesters.  Esters  derived  from  sec- 
ondary alcohols  possess  oxidation  stabilities  equivalent  to  primary  alcohol 
esters  in  this  test.  However,  at  higher  temperatures  (above  about  400®F.), 
the  secondary  alcohol  esters  would  be  expected  to  be  poorer  based  on  thermal 
stability  studies  at  these  temperatures,  although  no  substantiating  data 
have  been  obtained  in  this  program. 

Oxidation  Stability  at  347°F. 


Ester  +0.3^  Phenothiazine 


Stable  Life,  Hotirs 

Untreated,  5^^  Stripped  Off, 
0-1001^  5-100^ 


Di-2-ethylhexyl  adipate  (Flexol  A-26) 

Di-Cg  Oxo  adipate.  Batch  II  (Plexol  244) 
Di-Co  Oxo  adipate.  Batch  I (Plexol  244) 
Di-Cg  Oxo  adipate  (PX-208) 

Dipropylene  glycol  di-n-octanoate 
Triethylene  glycol  di-2-ethylhexanoate  (3G0) 
Di-sec.  amyl  sebacate 


l4o. 

160 

115,140 

85, 

85 

75 

45 

40, 

40 

30, 

20 

35, 

20 

95 

— 

70, 

55 

70, 

60 

90 

80, 

75 
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E.  Thermal  Stability  Studies 

Besides  good  oxidation  stability,  it  is  also  desirable  for  a 
synthetic  lubricant  to  have  good  theimal  stability.  This  is  a property 
vhlch  is  inherent  in  the  molecule  and  probably  cannot  be  improved  by 
physical  maans,  such  as  by  the  use  of  inhibitors  or  additives.  The  re- 
action involved  when  a synthetic  diester  is  thermally  decomposed  is 
generally  considered  to  be  one  giving  olefins,  half  esters,  and  the 
original  dibasic  acid.  Althou^  other  products,  such  as  water,  carbon 
dioxide,  aldehydes,  alcohols,  etc.,  have  been  reported,  olefins  and  acids 
appear  to  be  the  chief  products  of  this  reaction.  The  thermaJ.  stabilities 
of  a number  of  esters  studied  under  the  terms  of  this  contract  have  been 
determined  by  heating  a 20  to  50  ml.  sample  of  the  ester  at  392°F.  for  48 
hours  in  a closed  tube  \mder  a small  positive  nitrogen  pressure.  In  a 
few  cases  the  test  has  been  run  at  455“F.  The  change  in  neutralization 
number  occurring  during  the  test  is  believed  to  be  indicative  of  the  de- 
conposltlon  that  has  occurred,  and  is  converted  to  per  cent  decomposition 
assuadng  that  the  original  dibasic  acid  is  the  only  acidic  decomposition 
product.  As  was  shown  in  the  fifth  quarterly  report, *purity  of  em  ester 
may  have  a marked  effect  on  the  thermal  stability  of  the  ester.  To  obtain 
further  information  along  this  line  several  esters  were  stripped  to  remove 
any  light -end  in^urities.  The  undistilled  5-100^  portion  was  then  sub- 
jected to  the  thermal  test  and  compared  with  the  original  material.  As 
shown  by  the  followijag  data  taken  from  Table  51,  any  improvement  obtained 
by  enQ)loying  this  stripping  procedure  appeared  to  be  generally  small  and 
insignificant  in  all  cases  except  those  of  Co  Oxo  adipate  (PX-208)  and  Cg 
0x0  sebacate  (PX-4o8).  A small  esnoxmt  of  water  (dissolved  or  from  unre- 
acted alcohols)  was  present  in  these  materials  and  was  removed  during  the 
stripping  operation.  This  water  may  have  been  responsible  for  the  poorer 
stabilities  of  the  original  dlesters.  The  presence  of  water  would  tend 
to  promote  hydrolysis  and  consequently  increase  the  acidity. 


»See  Appendix  III. 


(Data  on  following  page ) 
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Thermal  Stability  - Effect  of  Refinement 

392°F. 


Compound 


Neut.  No. 
Increase 
mg.  KOH/gm. 


Decomposition 
$ of 

Theoretical 


Di-2-ethylhexyl  adipate 
Same  stripped,  5“100^ 


O.lli- 

0.0k 


0.05 

0.01 


Dicapryl  adipate 

Same  stripped,  5-100^ 

Di-Cg  Oxo  adipate.  Batch  I 
Same  stripped,  5~100^ 

Di-Cg  Oxo  adipate  (PX-208) 
Same  stripped,  5-100^ 

Di-Cg  Oxo  sebacate  (PX-4o8) 
Same  stripped,  7~100^ 


42.0 

13.9 

40.9 

13.5 

0.24 

o.o8 

0.20 

0.07 

5.43 

1.79 

1.35 

0.44 

5.86 

2.22 

1.02 

0.39 

The  initial  ester  acidity  does  not  appear  to  have  any  appreci- 
able effect  on  thermal  stability  although  it  is  conceivable  that  certain 
acidic  materials  could  catalyze  the  thermal  decomposition  of  an  ester.  A 
hi^  acidity  sample  of  di-Cj_Q  Oxo  adipate  (initial  Neut,  No.  of  8.08)  gave 
essentially  the  same  thermal  stability  before  purification  as  it  did  after 
the  acidic  materials  were  removed  (Neut.  No.  of  0.07).  No  significant  dif- 
ferences appear  in  the  stability  at  392 °F.  of  adipates  and  sebacate s pro- 
duced from  primary  alcohols.  However,  with  secondary  alcohol  esters,  which 
are  generally  less  stable  thermally  than  the  primary  alcohol  esters,  the 
sebacates  appear  more  stable  than  the  corresponding  adipates.  For  example, 
capryl  sebacate  decomposed  only  1%  compared  with  l4^  for  capiyl  adipate. 

The  sebacates  of  secondary  amyl  and  hexyl  alcohols  are  likewise  reasonably 
stable  at  392°F.  At  higher  temperatures,  however,  as  shown  by  the  Petrolevm 
Research  Laboratories  of  the  Pennsylvania  State  College,  secondary  alcohol 
sebacates  decompose  about  70^  20  hours  (500°F.)  compared  with  1 to  2^ 

for  primary  alcohol  sebacates,  azelates  and  adipates.  This  thermal  insta- 
bility of  secondary  alcohol  esters  can  be  conveniently  circumvented  by  con- 
verting the  secondary  alcohol  to  a primary  one  through  the  use  of  ethylene 
oxide.  The  improvement  in  thermal  stability  obtained  by  employing  this 
technique  is  outstanding,  as  shown  below  with  data  obtained  at  392“  and 
455°F.  on  dicapryl  adipate  and  dicaproxyethoxyethyl  adipate.  It  will  be 
noted  also  that  several  similar  Carbitol  type  adipates  made  from  secondary 
alcohols  are  equivalent  in  thermal  stability  at  these  temperatures  to  one 
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made  from  a primary  alcohol  (2-ethylbutanol)  and  two  ethylene  oxide  units. 
Complete  data  on  thermal  stability  of  esters  at  392“F.  are  given  in 
Appendix  Table  51^  and  at  455°F.  in  Appendix  Table  53  . 


Thermal  Stability  of  Secondary  Alcohol  Derivatives 

392“  and 


Neut.  No. 
Increase, 
mg.  KOH/gm.  @°F. 

Decomposition^ 

of 

Theoretical  @°] 

Material 

392 

455 

392 

455 

Dicapryl  adipate 
Dicaproxyethoxyethyl  adipate 

42.0 

1.79 

* 

2.90 

13.9 

0.91 

100 

1.47 

Isopropoxyethoxyethyl  adipate 
Dlheptoxyethoxyethyl  adipate 
Di-2-ethylbutoxyethoxyethyl  adipate 

0.33 

0.40 

0.37 

0.84 

1.59 

0.68 

0.12 

0.19 

0.16 

0.31 

0.71 

0.29 

* No  liquid  sample  remained  at 

end  of  test. 

White 

crystals 

(adipic  acid)  had  sublimed  to  cool  portion  of  tube. 


Propylene  oxide  can  probably  be  used  interchangeably  with  ethylene 
oxide  in  this  conversion  of  secondary  alcohols  to  more  stable  alcohols,  but 
such  esters  have  not  been  investigated  in  thermal  stability  tests.  It  is 
knoim,  however,  as  discussed  in  the  fifth  qiiarterly  report, *that  diesters  of 
polypropylene  glycols  (which  are  secondary  glycols)  possess  thermal  stabili- 
ties at  392“F.  equivalent  to  similar  dlesters  made  from  polyethylene  glycols 
(which  are  primary  glycols  and  therefore  would  be  expected  to  give  more  stable 
diesters).  As  shown  below  with  data  taken  from  Appendix  Tables  51  and  53, 
dipropylene  glycol  di-n-octanoate  is  essentially  equivalent  to  polyethylene 
glycol  diesters  in  thermal  stability  even  at  455°F.  The  thermal  stability 
of  tripropylene  glycol  di-n-octanoate  at  455“F.  is  not  as  good.  The  data 
indicate  that  this  glycol  diester  would  probably  be  unsatisfactory  at  a 
somewhat  hi^er  temperature,  since  at  455 '’F.  shows  2.34^  decomposition. 


*See  Appendix  III, 


(Data  on  following  page) 
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Thermal  Stability  of  Glycol  Diesters 
392  and  455‘’F. 


Neut.  No. 


Decomposition, 


Increase, 

i of 

mg.  KOH/gm.  @ “F. 

. Theoretical  @ °F. 

Material 

392  455 

392 

455 

Dipropylene  glycol  di-n-octanoate 

0.34  1.52 

0.12 

0.52 

Tri propylene  glycol  di-n-octanoate 

-0.10  5.79 

0.0 

2.34 

Polyethylene  glycol  200  dicaproate 
Polyethylene  glycol  di-2-ethyl- 

0.41  0.49 

0.14 

0.17 

hexanoate  (4gO) 

0.0  0.59 

0.0 

0.23 

Di-Cio  Oxo  Sebacate 

0.20  2.36 

0.09 

1.01 

Data  also  presented  in  Appendix  Table  51  show  that  esters  pro- 

duced from  pentaerythritol  and  trimethylolpropane  and  straight  chain  acids 

possess  excellent  thermal  stabilities  at  and 

that  the  introduction 

of  some  branchiness  does  not  impair  this  property.  Trl-n-butyl  aconitate, 
which  has  a point  of  vmsaturation  and  a structure  which  might  be  expected 
to  undergo  decarboxylation,  is  nevertheless  fairly  stable  at  455°F. 

(Table  53),  giving  only  3.^  decomposition.  This  triester,  however,  does 
not  appear  to  be  a very  promising  lubricating  oil  component  because  of  its 
poor  oxidation  stability  at  (Table  49). 


F.  Lubrication  Studies 


This  important  phase  of  work  is  now  being  studied  intensively 
under  this  contract,  as  described  generally  in  Section  H - Future  Work. 

A considerable  amount  of  information  has  been  obtained  in  the  k-Ball  E.P. 
Machine  and  the  S.A.E.  Machine. 
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I.  DISCUSSION 


This  vork  ou  lubrication  studies  has  been  confined  to  the  SAE 
load  carrying  machine  and  the  4-Ball  E.P.  test  machine.  The  work  with 
the  SAE  machine  was  directed  toward  developing  a test  which  would  ade- 
quately evaluate  the  load  carrying  properties  of  various  lubricants  for 
use  in  aviation  tiirbo  engines.  The  effects  of  various  operating  varia- 
bles such  as  speed,  sheift  speed  ratio,  loading  rate,  eind  run-in  were 
first  investigated.  Based  on  this  work,  a test  technique  was  chosen  for 
additional  checking.  Inasmuch  as  good  results  have  been  obtained  to 
date,  the  operating  conditions  used  for  this  work  have  been  set  up  as 
the  SAE -SOD  Load  Carrying  Test. 

In  these  studies,  a number  of  synthetic  oils  (with  and  without 
load  carrying  agents)  having  viscosities  in  the  range  of  2.8  to  8 centl- 
stokes  at  210*F.  were  used,  in  addition  to  two  mineral  oils.  These 
mineral  oils  are  as  follows;  Esso  Turbo  Oil  10  (MIL-L-608I,  Grade  1010), 
\dxlch  has  relatively  low  load  carrying  propertiesj  and  Esso  Aviation  Oil 
100  (MIL-L-6082,  Grade  1100),  which  has  eidequate  load  carrying  properties 
for  hi^  output  tiurboprop  and  turbojet  engines,  but  has  unsatisfactory 
low  temperature  properties.  These  two  mineral  oils  will  be  designated 
ETO-10  and  EAO-100,  respectively,  in  this  discussion. 

During  the  course  of  this  work  in  the  SAE  machine,  different 
batches  of  the  Timken  test  cups  were  used.  Initially,  cups  marked  "B" 
and  "C”  were  used.  The  supply  of  these  cups  ran  out,  however,  and  the 
rast  of  the  work  was  done  with  a batch  of  test  cups  marked  "U".  The  "B" 
and  "C"  test  cups  were  essentially  the  same  in  hardness  and  surface  finish, 
but  the  batch  "U"  cups  were  somawhat  haz^r  and  had  a slightly  rougher 
surface  finish.  Lower  failure  loads  were  obtained  with  the  batch  "U"  cups. 
As  discussed  later  in  the  report,  this  difference  in  performance  indicates 
the  significance  of  small  vauriatlons  in  the  physlceJ.  propeirtles  of  the 
test  cups.  A similar  problem  is  encountered  in  various  gear  rig  testers; 
that  is,  variations  between  batches  of  gears  affect  the  results  obtained. 

The  4-Ball  E.P.  Test  results,  discussed  in  a succeeding  section  of 
this  Appendix,  were  obtained  using  the  conventlo3ial  procedure.  The  data 
reported  from  this  test  include  only  the  load  required  to  cause  immadlate 
("no  delay")  seizxire  and  the  load  required  to  cause  welding.  This  is  be- 
lieved to  be  the  most  significant  information  obtained  in  this  test. 

A.  SAE -SOD  Load  Carrying  Test  in  SAE  Machine 

A test  has  been  developed  using  the  SAE  E.P.  Lubricant  Testing 
Machine(^)  for  evaluating  the  loeui  ceirrylng  ability  of  aviation  gas 


(1)  The  SAE  Machine  is  described  in  the  CBC  Handbook. 
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turbine  lubricating  oils.  This  test  is  a modification  of  one  of  the  tests 
used  by  the  National  Bureau  of  Standards.  Comparison  of  these  two  tests 
and  the  more  widely  Imown  CRC  E.P.  gear  oil  test  is  shown  in  the  following 
table . 


Tests  in  SAE  E.P.  Lubrlceuat  Testing  Machine 


SAE-SOD  Test  Test  Used  By 

for  Turbo  Oils  Nat.  Bur.  Stds. 


CRC  L-17  Test 
for  Gear  Oils 


Main  Shaft  Speed 
Shaft  Speed  Ratio 
Test  Cups 
Run-in 

Loading  after 
Run-in 

Failure  Load* 


1000  RPM 
3.4:1 

Timken  T -48651 
50  to  200  lbs. 

for  2 minutes. 
Manual  stepwise, 
50  lbs.  at  10 
second  intervals. 


1030  RPM 
3.4:1 

Timken  T -48651 
200  lbs.  for 
1 minute. 
Automatic  contin- 
uous at  78  lbs. 
per  second. 


Minimum  load  at  which  scuffing  of  the 
of  the  test  cups  occurs. 


1000  RPM 
14.6:1 

Timken  T -48651 
150  to  200  lbs. 

for  30  seconds. 
Automatic  contin- 
uous at  75  bo 
85  lbs.  per  sec. 
contact  surfaces 


* 


In  SAE-SOD  test,  if  failure  occvirs  during  load  change  of  50  lbs., 
the  failure  load  is  taken  as  the  average  of  the  "old"  and  "new"  loads. 


The  main  dlffeirencea  among  these  tests  are  in  shaft  speed  ratio  and  loading 
rate  after  run-in.  The  NationeQ.  Bureau  of  Standards  test  uses  a lower 
shaft  speed  ratio  than  the  CRC  test,  3.4  instead  of  14.6.  The  SAE-SOD  test 
uses  this  lower  ratio  and  also  a much  lower  loading  rate  than  the  other  two 
tests.  Manual  load  applications  of  50  lbs.  at  10  second  interavis  (300  lbs. 
per  minute)  are  used  Instead  of  the  automatic  loading  at  75  to  85  lbs.  per 
second  (4500  to  5IOO  lbs.  per  minute). 

Results  obtained  with  the  SAE-SOD  test  have  shown  reasonably  good 
reproducibility,  good  spread  between  lubricants  of  widely  different  engine 
performance,  and  good  correlation  with  the  I.A.E.  Gear  Machine  test.  In 
addition,  the  test  is  not  only  sensitive  to  the  viscosity  of  the  lubricant 
but  also  to  chemical  structxire  and  to  surface -active  ingredients.  The  re- 
sults obtained  in  the  SAE  machine  diiring  the  development  of  this  test  and 
under  SAE-SOD  conditions  are  tabulated  in  Appendix  Tables  54,  55,  and  56. 

1.  Effect  of  Viscosity,  Chemical  Structure, 
and  Sxxrf  ace -Active  Ingredients 

The  effect  of  differences  in  chemical  structure  and  viscosity 
level  on  load  carrying  ability  are  apparent  from  Appendix  Figurel6.  In- 
creased viscosity  gives  hi^er  loads  before  failure.  The  type  1 esters,  a 
distinct  class  of  compounds,  appear  to  have  better  Inherent  lubricating 
properties  than  the  type  2 esters,  a chemically  different  class  of  com- 
pounds, over  the  viscosity  range  investigated.  However,  this  difference 
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is  not  necessarily  reflected  in  finished  lubricants  based  on  the  two  types 
of  esters.  Lubricating  properties  can  be  markedly  altered  through  the  use 
of  addition  agents. 

The  effect  of  surface -active  ingredients  on  failure  load  is  shown 
in  Appendix  Figure  17.  Tricresyl  phosphate  increased  the  failure  load  I65 
and  125  lbs.  when  used  in  55^  and  3^  concentrations  respectively  in  synthetic 
oils  of  3.0  and  3A  cs.  viscosity  at  210*^.  The  use  of  0.4^  of  a sulfurized 
inhibitor  gave  an  increase  of  I25  b.  5.O  cs.  synthetic  oil. 

2,  Correlation  with  I.A.E. 

Gear  Machine  Test 


The  correlation  of  the  SAE-SOD  test  failure  load  with  that  ob- 
tained in  the  I.A.E.  Gear  Machine  test  is  excellent  for  two  mineral  oils 
and  several  synthetics,  as  presented  in  Appendix  Figure  Ig,  Both  the  I.A.E. 
and  the  SAE-SOD  tests  also  show  reasonably  good  correlations  with  hl^-speed 
gear  tests,  and  with  the  available  field  performance  in  full  scale  reduction 
gear  set-ups.  This  correlation  with  gear  tests  appears  better  than  that  ob- 
tained for  other  simple  laboratory  lubrication  tests.  This  is  probably  due 
to  the  ability  of  the  SAE  machine  to  recognize  some  of  the  same  factors  which 
affect  gear  lubrication. 


3.  Variation  in  Results  with 
Different  Test  Cup  Batches 


The  variation  in  results  using  different  test  cup  batches  and 
run-in  loads  is  shown  in  Appendix  Figure  19.  Reducing  the  run-in  load 
from  200  lbs,  to  50  lbs.  (with  batch  "B"  and  "C"  test  cups)  apparently  has 
little  effect  on  failure  load,  giving  essentially  a numerical  match  cor- 
relation. There  appears  to  be  an  advantage  with  the  lower  run-in  load,  in 
that  more  reproducible  evaluations  can  be  made  on  lubricants  of  lower  load 
carrying  ability,  say  in  the  range  of  200  to  400  lbs.  To  illustrate,  with 
200  lb.  run-in,  Esso  Turbo  Oil  10  (Grade  1010  mineral  oil)  failed  two  times 
during  the  200  lb.  run-in  and  rein  in  a third  test  to  350  lbs.  before  failure. 
When  using  50  lb.  run-in,  in  four  tests  all  failures  occurred  between  300 
and  350  lbs.  Results  obtained  at  50  lb.  run-in  load  with  batch  "U"  test 
cups  avereiged  I30  lbs.  lower  failure  loads  than  obtained  with  batches  "B" 
and  "C"  test  cups.  The  appeirent  explanation  for  this  difference  in  per- 
formance is  differences  in  the  surface  finish  and  hardness  of  the  test  cups 
as  shown  in  the  following  table. 

Physical  Properties  of  Timken  Test  Cups  No.  T -48631 


Test  Cup 
Batches 

"B”  and  ”C' 


Average  Hardness 
Rockwell 
C -Scale 

61.5 


Surface  Finish 
RMS  Microinches 
Range  Average 

16-19  17.5 


”U" 


62.2 


17-22  19.2 
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It  appears  that  the  "U"  cups,  \dilch  are  somsvhat  harder  and  not  quite  as 
smooth,  are  slightly  more  resistant  to  polishing  during  zoin-ln.  Hence, 
the  mating  surfaces  of  the  test  cups  may  not  he  as  smooth  at  the  start 
of  the  loading  period  as  when  using  the  "B"  and  "C"  test  cups.  An  at- 
tempt, however,  to  obtain  a hl^er  fallvire  load  with  the  "U"  cups  by  ex- 
tending the  run-in  period  to  obtain  better  polishing  before  loading  was 
unsuccessf\il.  This  test  Involved  synthetic  lubricant  B-15  and  "U"  test 
cups,  which  were  run-in  In  the  following  manner:  2 minutes  at  50  lbs., 

2 minutes  at  100  lbs.,  2 minutes  at  1|^  lbs.,  and  finally  2 minutes  at 
200  lbs.  The  equipment  was  then  cleaned  and  cooled  to  room  temperature 
without  removing  the  test  cups  from  their  shafts,  A new  charge  of  lubri- 
cant B-1^  was  charged  and  the  test  restarted  using  the  standard  SAE-SOD 
test  procedure  of  a 2 minute  3nm-ln  (50  lbs.)  followed  Iqr  50  lbs,  loading 
each  10  seconds.  Failure  occurred  during  the  loeid  Increase  from  500  to 
550  lbs,  (525  It.  failure  load).  Thus,  with  the  addltloiwil  loin-ln,  the 
failure  load  fell  short  of  the  550  to  700  lbs.  range  obtained  In  the 
usual  manner  with  the  "U"  cups  and  Is  far  below  the  JOO  to  775  It,  range 
obtained  with  the  "B"  and  "C"  test  cups  on  this  lubricant.  Accordingly, 
It  appears  necessary  to  establish  a correlation  for  each  batch  of  test 
cups.  This  procedure  has  been  found  useful  In  the  I.A.E.  Gear  Lubricant 
Test  and  Is  probably  advisable  In  gJ.1  load  carrying  tests  unless  very 
close  limits  are  set-up  on  the  surface  finish,  composition,  and  hardness 
of  the  metal  test  parts. 

B.  Effect  of  Operating  Veurlables  on 
Failure  Load  In  SAE  Machine 


During  the  development  of  the  SAE -SOD  test  procedure,  a nuinber 
of  operating  variables  were  Investigated  to  determine  their  effect  on 
failure  load.  A good  part  of  this  work  was  done  at  3.9 si  shaft  speed 
ratio(l). 

1.  Shaft  Speed 

Increasing  the  shaft  speed  lowered  the  failure  load  very  signi- 
ficantly as  shown  in  Appendix  Figure  20.  Roughly  doxibling  the  speed  from 
530  to  1000  RPM  reduced  the  failure  load  by  more  than  one -half  for  all 
four  lubricants  tested.  In  these  tests,  200  lb,  nm-in  was  used  followed 
by  78  lbs,  per  second  loading.  At  the  higher  speeds,  the  relative  dis- 
tance the  surface  of  one  cup  slides  and  rolls  across  the  surface  of  the 
other  Is  greater  and  the  rate  of  heat  generation  is  higher.  Each  of 
these  factors  tend  to  make  the  test  more  severe.  At  the  higher  speeds. 


(1)  It  was  planned  to  conduct  this  work  at  3.^ si  shaft  speed  ratio. 
However,  some  gears  in  the  SAE  machine  were  inadvertently  Inter- 
changed resulting  In  the  hi^er  shaft  speed  ratio  of  3.9:1. 
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the  increase  in  heat  generation  means  that  at  any  given  time  (which  cor- 
responds to  a given  load)  the  temperature  of  the  lubricant  is  higher. 
Likewise,  at  any  given  time  the  linear  distance  for  which  the  cups  have 
been  in  contact  is  also  greater. 

2.  Loading  Sate 

Loading  at  a faster  rate  results  in  failure  at  a higher  load. 

This  is  shown  in  Appendix  Figure  21,'vdiere  loading  in  a stepwise  fashion 
at  an  average  rate  of  100  and  200  lbs.  per  minute  is  compared  with  loading 
at  1^68o  lbs,  per  minute  (j8  lbs.  per  second).  This  same  effect  is  apparent 
in  Appendix  Figures  22  & 23  covering  the  range  of  25  to  400  lbs.  per 
minute  average  loading  rate  for  mineral  oil  EAO-lOO  and  synthetic  oil  B-15, 
respectively. 

Loading  at  a slower  rate,  means  that  the  eliding  distance  in- 
volved is  greater  before  reaching  a given  load.  This  is  in  the  direction 
of  higher  severity,  causing  lower  failure  loads.  Looking  at  it  another 
way,  at  loads  above  the  maximum  load  which  can  be  carried  continuously  by 
the  oil  without  failure  there  is  undoubtedly  a definite  lag  time  required 
before  oil  film  ruptvire  and  scuffing  occur.  Therefore,  the  faster  the 
loading  rate,  the  more  the  load  can  be  increased  above  the  "maximum  con- 
tinuous" load  during  this  "lag  time"  before  failure  occurs. 

3.  Effect  of  Run-in 


Increasing  the  run-in  load  and  time  of  run-in  both  tend  to  lower 
the  failure  load  when  using  J8  lbs.  per  second  loading  rate.  Test  data  on 
four  oils  are  shown  in  Appendix  Figures  24  iS  25.  As  with  speed  and 
loading  rate,  there  is  a tendency  for  failure  to  occur  at  lower  loads  when 
the  test  cup  surfaces  are  exposed  for  a longer  time  to  the  same  load,  or 
for  the  same  length  of  time  to  a higher  load. 

It  appears  advisable  to  have  at  least  a mlnimiun  rxm-in  period  of 
1 to  2 minutes. 

4,  Effect  of  Shaft  Speed  Eatio 

Increasing  the  shaft  speed  ratio  tends  to  lower  the  failure 
load.  The  limited  data  available  (on  Esso  Aviation  Oil  100)  is  presented 
in  the  following  table. 


(Data  on  following  page) 
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Effect  of  Shaft  Speed  Ratio  on  Failure  Load 


Lubricant:  EAO-100,  Grade  1100  Mineral  Oil 

Speed:  1000  RPM 

Test  Cups:  Timken  No.  T-k8651  Batches  "B"  and  "C" 

Temperature:  Room  Temp.  (7^-8o°F.)  at  Start 


Shaft 

Speed 

Ratio 

Relative  Sliding 
Between  Cups 
Feet  per  Min. 

R\m- 

in  Period 

Loading  After  Run-in 

Failure 

Load, 

Lbs. 

3.4 

346 

50 

lbs 

. for  2 min. 

50  lbs.  each  10  sec 

. 988 

3.4 

346 

200 

It 

If  2 

50  " " 10  " 

975 

3.9 

365 

200 

tt 

tl  2 

100  " " 30  " 

700 

3.9 

365 

200 

tl 

n 2 

100  " " 60  " 

600 

14.6 

457 

50 

ft 

ft  2 ” 

50  " " 10  " 

200 

As  shown  in  the  table,  at  higher  shaft  speed  ratios  the  sliding  distance  is 
greater  per  unit  of  time.  This  meeins  that  the  same  factors  are  involved  as 
with  an  increase  in  speed.  Namely,  the  generation  of  heat  by  friction  is 
more  rapid  and  at  any  given  load  the  sliding  distance  has  been  greater. 

Both  these  make  the  operation  more  severe  and  bring  about  failure  at  a lower 
load. 

C . Lubrication  Studies  in  4-Ball  E.P.  Tester 


1.  Effect  of  Viscosity 

Tests  were  run  in  the  4-Ball  E.P.  Tester  to  determine  the  effect 
of  viscosity  upon  failure  load  for  relatively  low  viscosity  mineral  and 
synthetic  oils.  The  results,  shown  in  Appendix  Table  5V,  indicate  essential- 
ly no  effect  of  viscosity.  Three  groups  of  oils  were  tried  as  follows:  (1) 

refined  mineral  oils  from  1.2  to  14.1  cs.  at  210°F.,  (2)  Oxo  alcohol  esters 
from  1.34  to  5.61  cs.  at  210°F.,  and  (3)  blends  of  di-2-ethylhexyl  sebacate 
(Plexol  201)  and  Acryloid  HF-825  from  3.36  to  10.10  cs.  at  210°F.  Within 
each  group,  both  seizure  and  weld  loads  were  within  experimental  error 
showing  that  this  4-Ball  E.P.  test  is  not  sensitive  to  variations  in 
viscosity. 

2.  Effect  of  Chemical  Structure 


Althou^  the  4-Ball  E.P.  Tester  is  not  affected  by  viscosity, 
the  seizure  and  weld  loads  are  influenced  by  chemical  structure  and  surface- 
active  load  carrying  agents  in  the  low  viscosity  synthetic  oils.  The  tests 
which  were  conducted  are  shown  in  Appendix  Table  The  materials  con- 
taining ether-oxygen  linkages  exhibited  no  better  load  carrying  ability  in 
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this  test  than  the  sehacates,  euiipate,  and  the  succinate  which  were  tested. 
The  literature,  however,  indicates  that  some  improved  performance  with 
this  type  of  material  is  possible  for  steel-on-bronze  lubrication. 

The  better  performance  of  Complex  Ester  A over  that  obtained 
with  the  other  esters  shows  that  the  4-Ball  E.P.  test  can  recognize  changes 
in  chemical  stiructure.  The  esters  of  Evanacid  3CS  also  give  better  per- 
formance in  this  test  showing  the  effect  of  the  sulfiir-containing  molecule. 
Tests  on  blends  of  the  tri-n-hexyl  ester  of  Evanacid  3CS  with  Plexol  244 
(C3  Oxo  adipate)  show  nearly  linear  correlation  of  both  seizure  and  weld 
loads  with  the  concentration  of  the  sulfur-containing  ester.  As  discussed 
in  previous  reports,  the  esters  of  Evanacid  3CS,  althou^  effective  load- 
carrying agents,  are  not  believed  to  be  satisfactory  for  turbo  engine 
lubrication  because  of  corrosion  diffic\ilties  encountered  at  high 
temperatures. 
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